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ABSTRACT 
 Adolescence is a time of experimentation and risk taking. Experimentation with drug use 
during this period can have especially harmful consequences, however, as adolescent-onset 
substance use is more likely to lead to dependence. Brain regions within the mesocorticolimbic 
circuit are involved in the control of reward behavior and undergo dramatic and sex-specific 
remodeling during adolescence. In particular, changes within the prefrontal cortex (PFC) are 
thought to mediate the lack of control over reward behavior that is thought to be characteristic of 
adolescents.  A lack of control may lead to more drug use, which may then alter the function of 
the PFC, leading to further deficits in control in a positive feedback loop. It is also possible that 
the developing PFC is especially sensitive to perturbations caused by drug exposure, so that 
adolescents may be more sensitive to this positive feedback loop and thus more likely to go on to 
develop drug dependence following experimentation. I hypothesized that top-down control of 
reward-related behavior is reduced during adolescent development, which in turn results in 
poorer performance on PFC-sensitive tasks. Moreover, I hypothesized that adolescents and 
females would be especially susceptible to the effects of amphetamine (AMPH) exposure on 
PFC function, given sex differences in the development of the PFC. Using a rodent model, this 
hypothesis was tested with two specific aims: (1) by determining whether there were age and sex 
differences in reward processing and impulsivity (Chapters 3 and 5) and (2) by investigating the 
long term effects of adolescent AMPH exposure on behavior and PFC function (Chapters 4 and 
6). In chapter 3, rats performed a set of PFC-dependent tests following acquisition of Pavlovian 
approach: outcome devaluation, extinction, reinstatement. In chapter 4 rats were exposed to 
AMPH during adolescence or adulthood and then impulsive action was assessed alongside the 
response to NMDA antagonism. In chapter 5 rats were tested on a novel action-choice task, 
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where each behavior was assessed during adolescence or adulthood. In chapter 6 I examined the 
long term effects of adolescent AMPH exposure on habit formation and orbitofrontal cortex 
activity. The results reveal a complex relationship between age, sex, drug exposure, and even 
motivational state. In general, female adults exhibit more perseverative or habitual-like behavior, 
relative to male adults, while adolescents tend to behave more habitually. Adolescent males, but 
not females, may be especially sensitive to the effects of AMPH exposure on PFC-sensitive 
tasks. Taken together, the results of these studies suggest that age and sex interact to mediate 
vulnerability to both the loss of control over drug use as well as the long-term effects of drugs on 
brain and behavior.  
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CHAPTER 1: DISSERTATION OBJECTIVES 
 Most problem drug use begins during adolescence (Wagner and Anthony, 2007) and the 
likelihood that a new drug user will develop dependence is much higher when drug use is 
initiated during this stage of life (Grant and Dawson, 1997; Wagner and Anthony, 2007). 
Adolescents may be more vulnerable to initiating drug use and transitioning to dependence 
because the brain regions involved in the control of reward-related behavior, such as the 
prefrontal cortex (PFC), undergo dramatic remodeling during adolescence (Ernst et al., 2006; 
Gulley and Juraska, 2013). It has been hypothesized that this remodeling causes adolescents to 
have poorer inhibitory control and engage in more sensation-seeking, behaviors that are 
associated with a greater propensity to use drugs (Dalley et al., 2011). The PFC may be 
particularly susceptible to damage during this remodeling process (Gulley and Juraska, 2013), so 
that adults with a history of early drug use may exhibit abnormalities in PFC function. Thus, we 
propose that addiction is more likely to develop following adolescent-onset drug use because 
individuals can get caught in a positive feedback loop involving the developing PFC: the 
immature PFC biases reward-related behavior toward increased drug use, drug use may be 
especially harmful to the development of the PFC, and damage to the PFC may, in turn, lead to a 
loss of control over reward-related behavior and drug use that persists into adulthood. 
 Male and female adolescents differ substantially in the development of the PFC 
(Hammerslag and Gulley, 2016), which in rodents includes the prelimbic and infralimbic regions 
of the medial PFC (mPFC) and the orbitofrontal cortex (OFC). Similarly, there are sex 
differences in reward-related behavior (Shulman et al., 2014), in the likelihood that an individual 
will develop drug dependence following an adolescent onset of drug use (Wagner and Anthony, 
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2007), and in the long term effects of amphetamine (AMPH) and other drugs (Hicks et al., 2010; 
Becker et al., 2012; Foster et al., 2014). Thus, we may gain more insight into the relationship 
between adolescent PFC development, susceptibility to the effects of drug exposure, and reward-
related behavior by investigating with males and females, who differ in each of these factors. 
The research presented in this dissertation used a rat model to examine reward-related behavior 
across development and following drug exposure in males and females. The objective was two-
fold: (1) to identify sex and age differences in PFC-sensitive behavior across adolescent 
development and (2) determine if adolescents and females exhibit more vulnerability to 
disruption of the PFC following exposure to AMPH. My central hypothesis was that top-down 
control of reward-related behavior is reduced during adolescent development, which in turn 
results in poorer performance on PFC-sensitive tasks. Moreover, I hypothesized that adolescents 
and females would be especially susceptible to the effects of AMPH exposure on mPFC and 
OFC function, given sex differences in the development of the PFC. I tested my hypotheses 
though the following specific aims:   
1. Determine whether there are age and sex differences in reward processing and 
impulsivity.  
My working hypotheses were (1) that females and adolescents would be less able to use 
information about reward value to guide their responses and (2) that compared to adults, 
adolescents would exhibit deficits in impulse control. I tested my first hypothesis by examining 
reward devaluation and extinction in a Pavlovian task (Chapter 3). I tested my second hypothesis 
by examining impulsivity in adolescent and adult rats (Chapter 5).  
2. Investigate the long term effects of adolescent AMPH exposure on behavior and 
prefrontal cortex functioning.  
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My working hypotheses were (1) that AMPH exposure would cause poorer performance 
in PFC-sensitive tasks, (2) that the effects of adolescent AMPH exposure would be sex-specific, 
and (3) that AMPH exposure would change how the mPFC and OFC encode reward-related 
information. I tested these hypotheses through two experiments. First, I used male and female 
rats to test the effects of AMPH exposure during adolescence or adulthood on inhibitory control 
and sensitivity to NMDA antagonism in the prelimbic region of the mPFC (Chapter 4). I also 
used male and female rats to test the effects of adolescent AMPH exposure on outcome 
devaluation and its neural encoding in the OFC (Chapter 6).  
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CHAPTER 2: BACKGROUND AND SIGNIFICANCE 
Age and sex differences in neural development 
The brain continues to develop after infancy and we now know that there is particularly 
dramatic remodeling in regions involved in decision making and reward behavior during 
adolescence (Giedd and Blumenthal, 1999; Giedd, 2004; Ernst and Mueller, 2008). The nature of 
this remodeling is region-specific: while the striatum increases in volume during adolescence the 
cortex follows an inverted U-shaped curve, reaching a peak volume during childhood before 
declining throughout adolescence (Giedd and Blumenthal, 1999; Raznahan et al., 2014). This 
remodeling also occurs in a heterogeneous fashion, with some regions developing earlier than 
others. Therefore the functional connections between brain regions are in flux during this period. 
This could result in shifting balances in circuits with many adolescent-developing regions, such 
as the mesocorticolimbic circuit (Ernst et al., 2006; Paus et al., 2008; Burghy et al., 2012), which 
guides motivated behavior. During adolescence the PFC is thought to be immature relative to the 
striatum, so that it may contribute less to the mesocorticolimbic circuit’s output, because the two 
regions develop at different rates (Ernst et al., 2006; Steinberg, 2010). The PFC and striatum are 
involved in the control and performance of motivated behavior, respectively, and so adolescents 
may have less top-down inhibitory control of motivated behavior while these two regions are 
developmentally “off-balance” (Ernst et al., 2006). If these developmental imbalances are indeed 
related to adolescent-typical behavior, sex differences in the development of mesocorticolimbic 
regions may explain why males and females differ in reward-related behavior during adolescence 
and beyond. 
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A number of human and rat studies have revealed sex differences in adolescent cortical 
remodeling. Using human subjects, Giedd and his colleagues have demonstrated that the cortex 
matures later in males (Giedd and Blumenthal, 1999; Giedd, 2004; Gogtay et al., 2004; Lenroot 
et al., 2007; Raznahan et al., 2014). Males tend to have larger cortical volume throughout 
development (Giedd, 2004; Raznahan et al., 2014), but their frontal cortex thins more rapidly 
during adolescence so that volume in this region is similar in males and females by adulthood. In 
late-developing regions of the frontal cortex, such as the PFC and OFC, there are still sex 
differences present by the end of development (Raznahan et al., 2010). For example, females 
have faster thinning in the right lateral OFC, which is involved in encoding value and decision 
making, so that males and females diverge throughout adolescent development (Raznahan et al., 
2010). Similarly, males do not achieve the same amount of thinning in the dorsolateral PFC 
(Raznahan et al., 2010), which is important for inhibitory control and impulsivity (Koob and 
Volkow, 2010). These studies in humans suggest that males and females differ in PFC and OFC 
volume throughout adolescence and that these differences carry over into adulthood.  
Studies of PFC maturation in rodents have been able to better explore the nature of the 
gross anatomical changes described in humans. These studies also show that males have greater 
PFC volume than females in adulthood (Markham et al., 2007; Juraska et al., 2013), but they 
further clarify that this sex difference appears to emerge through programmed cell death 
(apoptosis) and synaptic pruning during adolescence. Using stereological techniques to quantify 
neuron number, Juraska and her colleagues have shown that there is a reduction in total neuron 
number within the rat ventral mPFC from adolescence (postnatal day [P] 35) to adulthood (P90) 
in female rats, but not in males (Markham et al., 2007). A more recent study from this lab 
revealed that there is also a reduction in dendritic complexity from adolescence to adulthood in 
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females that is much smaller in males (Koss et al., 2014). Taken together, these results suggest 
that females undergo more substantial pruning and apoptosis during adolescent development of 
the mPFC relative to males (Juraska et al., 2013). 
While I have mainly focused on the PFC for the purposes of this section, it is clear that 
there are sex differences throughout the mesocorticolimbic circuit during development 
(Hammerslag and Gulley, 2016). Furthermore, some of these sex differences may persist into 
adulthood. But the significance of these changes is difficult to discern without examining 
whether males and females differ in the behavior associated with this circuit, across adolescent 
development and during adulthood.   
Age and sex differences in reward behavior 
Reward-related behavior changes during adolescence in a sex-specific fashion. For 
example, males consistently exhibit higher levels of sensation seeking throughout adolescent 
development, whereas females seem to have greater inhibitory control (Shulman et al., 2014). 
Sensation seeking and inhibitory control are thought to contribute to the initiation of drug use 
(Dalley et al., 2011), with higher levels of sensation seeking and lower levels of inhibitory 
control leading to greater drug use. Therefore it is unsurprising that males also tend to 
experiment with drugs to a greater degree than females (Becker et al., 2012). In addition to this 
gender difference there is also a general effect of age on reward behavior. Adolescents of both 
genders seem to have lower levels of inhibitory control and higher levels of sensation seeking, 
relative to adults (Steinberg, 2010).  
Studies focusing on reward-related behavior in rodents have attempted to explain the 
adolescent tendency toward poor inhibitory control and heightened sensation seeking. One 
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plausible hypothesis is that adolescents are more motivated to engage in sensation seeking 
because they find rewards to be more salient. For example, rats are most sensitive to the 
reinforcing properties of palatable rewards during adolescence (Friemel et al., 2010) and 
adolescents demonstrate greater motivation to obtain rewards (Andrzejewski et al., 2011). 
However, the effects of age on motivation to obtain reward may be reinforcer-specific. Multiple 
studies have demonstrated increased responding for cocaine in adolescents. For example, 
adolescent rats exhibit more conditioned place preference (Zakharova et al., 2009) and more 
responding during periods of availability or non-availability (Anker et al., 2011) when cocaine is 
the reinforcer, but not when food is the reinforcer (Rubinow et al., 2009; Anker et al., 2011). The 
effect of sex on motivation to obtain reward may also be reinforcer-specific, as females display 
more conditioned place preference (Zakharova et al., 2009) and greater willingness to respond 
(Lynch, 2008; Anker et al., 2011) when cocaine is the reinforcer, but results are less clear for 
food-reinforced behavior (Rubinow et al., 2009; Anker et al., 2011).  
Though there do not seem to be age and sex differences in conditioning and responding 
for non-drug reward, there may be other aspects of natural-reward behavior that are mediated by 
these factors. For example, adolescent rats working for food reward respond more during 
extinction and are less able to reduce responding when the task rewards them for infrequent 
responses (Andrzejewski et al., 2011). Thus, adolescents may be less able to respond to changes 
in contingency compared to adults. Other studies have found that adolescents and females may 
have difficulty responding to changes in reward value. For example, adolescents and females are 
less likely to display conditioned taste aversion after a reward has been paired with an aversive 
experience, such as high doses of ethanol (Sherrill et al., 2011; Morales et al., 2014; Schramm-
Sapyta et al., 2014), and the effect of sex seems to depend on the rodents’ age in these studies 
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(Morales et al., 2014; Schramm-Sapyta et al., 2014). An important caveat to these studies is that 
they used ethanol-induced conditioned taste aversion, which makes it difficult to determine 
whether adolescents and females are less sensitive to the changes in value or less sensitive to the 
aversive properties of ethanol. Therefore there is a need to further investigate this issue using 
tasks that manipulate value through satiety. Moreover, if there are age and sex differences in the 
aversive properties of drugs of abuse then that may also contribute to changes in addiction 
vulnerability. 
Effects of age and sex on drug use outcomes  
Adolescent-onset substance use can increase the risk that an individual will develop 
lasting problems with substance abuse and dependence. For example, individuals are most likely 
to develop alcohol abuse and dependence if drinking begins around 13 to 14 years of age (Grant 
and Dawson, 1997). After this peak, the likelihood of a new drinker going on to develop alcohol 
dependence falls by 13.2% and 14.7% per year for females and males, respectively (Grant and 
Dawson, 1997). The risk of developing problem cocaine and cannabis use are similarly elevated 
during adolescence (Wagner and Anthony, 2007). These risks may depend on gender, however. 
While males and females are equally likely to become dependent on cocaine following 
adolescent-onset of drug use, males are more likely than females to develop alcohol or cannabis 
dependence (Wagner and Anthony, 2007). However, women may be more likely than men to 
experience problems associated with adolescent drug use. Women that stopped abusing alcohol 
during adolescence continue to engage in more illicit drug use and have higher levels of 
antisocial behavior as adults (Foster et al., 2014), while men with a history of early alcohol abuse 
resemble men with no such history (Hicks et al., 2010). Thus, adolescent males may be more 
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vulnerable to developing dependence following continued drug use, but less vulnerable to the 
lasting effects of drug use following abstinence.   
Though males are more likely to use drugs (Cotto et al., 2010), it has been suggested that 
female drug users exhibit “telescoping” - a more rapid and severe progression from 
experimentation to addiction (Lynch et al., 2002; Kuhn et al., 2010; Becker et al., 2012; Fattore 
et al., 2014). Describing drug use in females as less common but more severe is something of an 
oversimplification, however. First, gender differences in the rate of drug use seem to be age-
dependent. While males tend to use drugs more frequently in general,  adolescent girls are more 
likely to engage in alcohol and non-medical psychotherapeutic use compared to adolescent boys 
(Cotto et al., 2010). In fact, although men are more likely to develop alcohol dependence 
throughout their lifetime (Wagner and Anthony, 2007), during adolescence girls aged 12-17 have 
equal rates of alcohol and cocaine abuse and dependence and even exhibit a greater rate of 
dependence on psychotherapeutics, compared to boys (Cotto et al., 2010). Thus males and 
females may diverge during adolescence, so that the gender differences in risk for developing 
drug dependence are greatest in adulthood. Second, it seems that gender differences in 
vulnerability to developing substance abuse are drug-dependent. Males are more likely to 
eventually, throughout the lifespan, transition from casual use to dependence for cannabis and 
alcohol, whereas the likelihood of developing nicotine or cocaine dependence is similar if not 
greater in females (Lukas and Wetherington, 2005; Wagner and Anthony, 2007; Lopez-Quintero 
et al., 2011). The presence of these substance-dependent sex differences in the development of 
problem drug use may correspond to sex differences in the long term effects of drug exposure on 
reward processing.  
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Neural substrates of psychostimulant-induced changes in reward behavior 
Exposure to psychostimulants can have lasting effects on reward-related behavior. 
Animals that have been exposed to AMPH or cocaine tend to have difficulty responding to 
changing circumstances, instead relying on previously-learned associations to guide behavior 
(Lucantonio et al., 2014). Difficulty in updating behavior can lead to a number of issues, such as 
insensitivity to changes in value (Nelson and Killcross, 2006; Nordquist et al., 2007; LeBlanc et 
al., 2013; Corbit et al., 2014) and increased perseveration during extinction (Lucantonio et al., 
2014). Insensitivity to changes in value and increased perseveration are also seen in animals that 
have received lesions to the OFC (Schoenbaum et al., 2009; Gremel and Costa, 2013). Exposure 
to cocaine or AMPH may affect reward-related behavior through effects on the OFC, though it is 
unlikely this would be the only region affected by drug exposure.  
Psychostimulant exposure may also affect behaviors sensitive to the mPFC, such as 
impulse control (Hayton et al., 2010; Dalley et al., 2011). For example, exposure to AMPH leads 
to long-term changes in glutamatergic function within the mPFC (Lu and Wolf, 1999; Lu et al., 
1999) and glutamatergic plasticity within the mPFC is critical for learning to withhold pre-potent 
responses (Hayton et al., 2010). Additional evidence for drug use leading to increased 
impulsivity is the observation that psychostimulant users are more impulsive than the general 
population (Evenden, 1999; Dalley et al., 2011). However, impulsivity may also predispose 
individuals to psychostimulant use and so it is possible that the correlation between stimulant use 
and impulsivity is not entirely driven by the long-term effects of drug exposure (Perry and 
Carroll, 2008). 
The effects of AMPH on behaviors related to the mPFC and OFC may be influenced by 
sex and age of exposure. Given the previously discussed developmental changes occurring in the 
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PFC it has been hypothesized that adolescence is a period of vulnerability to PFC disruption 
(Spear, 2000; Giedd, 2004; Ernst et al., 2009; Gulley and Juraska, 2013). For example, nicotine 
exposure during adolescence leads to changes in mPFC glutamate receptor expression and 
impaired inhibitory control that persist into adulthood; these changes do not occur following 
adult nicotine exposure (Counotte et al., 2011). Our lab has previously demonstrated that 
adolescent exposure to AMPH has a greater effect on working memory and behavioral flexibility 
compared to adult exposure (Hankosky et al., 2013; Sherrill et al., 2013). Males and females 
differ in the timing and trajectory of PFC development and so there may be sex differences in 
this susceptibility to disruption. Indeed, the effect of sex seems to interact with age, as adolescent 
females exhibit enhanced AMPH sensitization relative to adult females and adolescent males 
(Mathews and McCormick, 2007). But this may also be related to the specific properties of 
AMPH, as females are more sensitive to the effects of AMPH in general (Carroll and Anker, 
2010).  Enhanced sensitivity to the effects of repeated AMPH exposure and vulnerability to 
alterations in PFC function may make adolescents and females especially vulnerable to the long-
term behavioral effects of AMPH exposure. 
 For my dissertation I will examine PFC-sensitive behavior in males and females across 
adolescent development and following AMPH exposure. If there are sex and age differences in 
PFC-sensitive behaviors, such as impulse control and reward devaluation, it will add evidence 
for the hypothesis that the sex-dependent developmental changes occurring in the PFC have 
functional significance. Next I will examine whether age and sex affect the susceptibility of the 
PFC to disruption by AMPH. If I find that adolescent AMPH exposure leads to greater deficits in 
top-down behavioral control, relative to adult exposure, it will suggest that adolescence is indeed 
a period of vulnerability to PFC disruption. If I also find that the vulnerability of the PFC is sex-
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dependent it would support the notion that sex differences in PFC development, and in the adult 
PFC, influence vulnerability to the harmful effects of drug exposure.  
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CHAPTER 3: AGE AND SEX DIFFERENCES IN REWARD PROCESSING: EFFECTS 
OF REWARD DEVALUATION AND EXTINCTION ON PAVLOVIAN APPROACH 
DURING ADOLESCENCE AND ADULTHOOD1   
Introduction  
 Debate about the determinants of enhanced reward-seeking behavior during adolescence 
has often focused on the question of whether adolescents place higher value on rewarding 
experiences or if they are relatively less sensitive to these rewards (Spear, 2000; Ernst et al., 
2009; Somerville et al., 2010). More recently, however, studies have suggested that adolescents 
engage in more reward seeking and exhibit enhanced conditioning because their attention for 
reward relies on stimulus-directed, rather than goal-directed, processes (Ernst et al., 2011). 
Stimulus-directed behavior refers to behaviors that are guided by exogenous information, such as 
cues or feedback, while goal-directed behavior refers to those that are guided by endogenous 
information, such as motivational state (Ernst et al., 2011). A recent study using the Iowa 
Gambling Task demonstrated that human adolescents were more sensitive to positive feedback 
than adults (Cauffman et al., 2010). Unfortunately, there have been few studies of appetitive 
conditioning that directly compare adolescents and adults.  
In the current study we investigated the interaction between age and sex on the 
expression of stimulus-directed behavior in the context of a simple associative learning 
paradigm. Rats were trained in a Pavlovian approach (PA) paradigm wherein an auditory 
conditioned stimulus (CS+) was paired with delivery of a sucrose solution (unconditioned 
stimulus; US) to a food trough. We assessed the development of food trough entries (conditioned 
                                                   
1 Hammerslag, L. R., & Gulley, J. M. (2013). Age and sex differences in reward behavior in adolescent and adult 
rats. Developmental Psychobiology, 56(4), 611–621. 
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response; CR) during daily training sessions consisting of 8 CS-US pairings, following 
devaluation of the reward, and during periods of extinction and reacquisition. Using these 
methods we would expect a rat with more stimulus-directed behavior to be especially attentive to 
external cues and to be relatively less sensitive to changes in the value of a reinforcer. Previous 
studies with cocaine (Fuchs et al., 2005; Kosten and Zhang, 2008; Anker et al., 2011) and food 
reward (Sturman et al., 2010; Andrzejewski et al., 2011; Anker et al., 2011; Burton et al., 2011) 
suggest that adolescents, regardless of sex, and females, regardless of age, may have more 
stimulus-directed behavior. Therefore we hypothesized that these groups would exhibit enhanced 
acquisition of the cue-reward association and decreased sensitivity to manipulations of reward 
value, such as extinction and reward devaluation.  
Methods 
Subjects 
 A total of 51 male and female Sprague-Dawley rats, which were born in our animal 
facility from breeders originally obtained from Harlan (Indianapolis, IN, USA), were used in 
these experiments. Seven rats were removed from the study during the initial stages of training 
because they failed to meet an a priori inclusion criterion of entering the food trough during 
sucrose delivery in two of the first three training sessions.  Of these seven rats, two were 
adolescent males, two were adult females, and three were adult males. Final group sizes were 10 
rats per sex in the adolescent groups and 12 rats per sex in the adult groups. 
Rats were weaned on P22 and housed with same-sex littermates in groups of 2-3 per cage 
for the duration of the experiment. Rats were kept on a 12-h light/dark cycle (lights on at 0800 h) 
in a temperature-controlled room and water was available ad libitum throughout the study. Food 
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was available ad libitum until 2 days prior to the start of the experiment, which began when rats 
were adolescents (P30) or adults (P98). At this time, food was given in daily allotments and was 
limited for each rat so that by the end of the experiment, body weight was 90% of age- and sex-
matched controls (adolescents) or 90% of their free-feeding weight (adults). With this procedure, 
all rats weighed 93-95% of their age-appropriate controls at the midpoint of training and testing. 
Rats from individual litters were randomly assigned to the adolescent or adult testing groups 
within an experiment, such that the 8 litters from which these subjects were taken were 
represented in a nearly equal manner across groups. All procedures were consistent with the 
‘Principles of Laboratory Animal Care’ (NIH Publication no. 85-23) and were approved by the 
IACUC at the University of Illinois, Urbana-Champaign, USA.  
Apparatus 
 Pavlovian approach (PA) training occurred in standard monitoring chambers (Coulbourn 
Instruments, Allentown, PA, USA) located within sound attenuating cubicles. Chambers were 
equipped with a food trough on the front wall, which dispensed liquid via extension of a 0.06 mL 
dipper cup. Nosepoke ports containing green LEDs were located on either side of the food 
trough. The food trough and nosepoke ports were equipped with infrared photocells to detect 
head entries. A white house-light (4W), which was illuminated throughout all behavioral 
sessions, was located near the top of the chamber on the opposite wall. A tone-emitting speaker 
(2.9kHz, 80-85dB; Sonalert) was attached to the ceiling of the chamber. Sessions were recorded 
and analyzed using Graphic State software (Coulbourn Instruments). 
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Sucrose pre-exposure and magazine training (P30-33 or P98-101) 
 Rats were given two daily 60 min sessions where they were introduced to the 20% 
sucrose solution prior to the start of training. This was accomplished by placing rats individually 
into cages and giving them free access to a sipper tube filled with 20% sucrose solution. The 
individual cages were identical to the rats’ home cages and each rat used the same cage for 
sucrose exposure and transportation to the behavioral testing room for the duration of the study. 
Next, rats underwent two daily sessions of magazine training in the monitoring chambers. 
During these 40-45 min sessions, the dipper cup filled with 20% sucrose was extended into the 
food trough for 4-8 s.  This occurred on a random time (RT) 30 schedule for a total of 60 
presentations. Sucrose pre-exposure and magazine training sessions were conducted between 
1100 and 1400 h. 
Conditioning (P34-41 or P102-109) 
Each 35-40 min session consisted of 16 trials, which were divided into 8 CS+ and 8 CS- 
trials that were presented in random order.  During CS+ trials, a tone was presented for 10 s, 
followed immediately by extension of the sucrose-filled dipper cup for 4 s and a variable 
intertrial interval (ITI) of 90-150 s.  During CS- trials a light (illumination of LEDs in the 
nosepoke ports) was presented for 10 s and was followed immediately by the ITI.  Rats received 
8 daily sessions of conditioning between 1100 and 1400 h.  
Reward devaluation (P42 or P110) 
 To assess the effects of reward devaluation on PA, rats were given 60 min of free access 
to sipper tube containing 20% sucrose.  The procedure for this was identical to that used during 
their pre-exposure to the sucrose solution.  Immediately after the free access period, rats were 
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placed in the monitoring chambers for the devaluation session. This session was conducted under 
extinction conditions, wherein no sucrose solution was available in the dipper cup but all other 
aspects of the session were identical to conditioning sessions.  
Extinction and Reacquisition (P43-51 or P111-119) 
 Starting the day after the reward devaluation session, rats received two more daily 
sessions of conditioning (with sucrose solution present) in order to re-establish PA. They then 
received 10 twice-daily extinction sessions over the course of five days. During these sessions, 
which were conducted in the morning (0800-1100 h) and afternoon (1500-1800 h), no sucrose 
solution was available in the dipper cup but all other aspects of the session were identical to 
conditioning sessions. Daily food allotments were not given until the conclusion of the afternoon 
training session.  
 Following extinction, rats underwent two daily sessions of PA training to examine re-
acquisition of the cue-reward association following extinction. These sessions were conducted in 
a manner identical to those in the conditioning phases of the study.   
Data Analysis 
An approach score was calculated by subtracting the number of trough entries during the 
10 sec before the onset of the CS+ or CS- from the number of CS+ or CS- trough entries. The total 
number of trough entries and approach scores were analyzed using a mixed factorial three-way 
ANOVA with age (adolescent or adult) and sex (male or female) as between-subjects factors and 
session or day as the repeated measure factor. The effects of age (collapsed across sex) and sex 
(collapsed across age) were analyzed separately using planned two-way ANOVA with session or 
day as the second factor. During the reward devaluation phase, sucrose consumption during the 
18 
 
free-access period was normalized to individual rats’ bodyweights (ml/kg consumed) and 
devaluation relative to baseline conditioning was assessed by computing the change in approach 
score from the 8th conditioning day.  These variables were then analyzed statistically with 
between-subjects ANOVA (age x sex). For all statistical analyses, significant interactions were 
further analyzed with Holm-Sidak post hoc tests.  
Results 
Adults responded significantly more than adolescents during magazine training (Fig. 
3.1a).  Three-way ANOVA of total entries revealed main effects of age (F1,40 = 4.56, p = 0.039) 
and session (F1,40 = 23.6, p < 0.001), as well as an age x session interaction (F1,40 = 14.2, p < 
0.001).  
All rats developed approach behavior toward the CS+ during the first 8 conditioning 
sessions (Fig. 3.1b; F7,280 = 24.2, p < 0.001) and females displayed enhanced development of 
approach relative to males (F1,40 = 7.43, p = 0.010). In addition, there were sex x session (F7,280 = 
2.45, p = 0.019) and age x sex x session (F7,280 = 2.13, p = 0.040) interactions. These interactions 
revealed that adult females exhibited more rapid acquisition of approach behavior compared to 
adolescent females and adult males. This is supported by the planned two-way ANOVA, as there 
was an age x session interaction within females (F7,140 = 2.62, p = 0.014) and a sex x session 
interaction within adults (F7,154 = 2.38, p = 0.024). There was a sex difference in the development 
of approach behavior in adolescent animals as well, though its expression was delayed. Two-way 
ANOVA revealed a sex x session interaction in adolescent animals (F7,126 = 2.11, p = 0.047) and 
female adolescents reached higher levels of approach by the final sessions of training, relative to 
male adolescents. 
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During the reward devaluation test female adults consumed more sucrose, per 
bodyweight, than any other group (Fig. 3.2a). Two-way ANOVA of sucrose consumption 
revealed main effects of age (F1,40 = 43.8, p < 0.001) and sex (F1,40 = 20.7, p < 0.001), as well as 
an age x sex interaction that approached statistical significance (p = 0.053). When we examined 
approach behavior after sucrose consumption we found that there was a reduction in responding 
during the devaluation session relative to the preceding conditioning session (F1,40 = 95.31, p < 
0.001). Two-way ANOVA of our devaluation score (ΔCS+ approach) revealed an age x sex 
interaction (F1,40 = 7.14, p = 0.011), with adult males showing the greatest reduction in approach 
following devaluation (Fig. 3.2b).   
While all rats reduced their responding during extinction (day: F4,160 = 65.9, p < 0.001), 
we found that females responded more during extinction than males (sex: F1,40 = 13.3, p < 0.001; 
Fig. 3.3a). In addition, there were age x day (F4,160 = 4.07, p = 0.004) and sex x age x day (F4,160 = 
2.70, p = 0.033) interactions. Relative to males, adult females responded at high levels during the 
first two days of extinction training. In contrast, adolescent females had higher levels of 
responding, relative to adult females and adolescent males, later in extinction. During 
reacquisition we found that adolescent females responded more than adolescent males (Fig. 3.3b; 
F1,18 = 5.83, p = 0.027), but this effect was only present in the planned two-way ANOVA. In the 
main analysis the effect of sex and the age x sex interaction failed to reach significance (p = 
0.096 and p = 0.083, respectively). In addition, there was no effect of sex in adult animals. 
Discussion 
In the present study we used adolescent and adult rats to examine the interaction between 
age and sex in a Pavlovian approach task. Performance on the Pavlovian approach task is 
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influenced by goal-directed processes, whereby the representation of the outcome and internal 
motivation state influence performance of actions directed toward obtaining that outcome, such 
as trough entries (Dickinson, 1994). However, the acquisition of PA requires stimulus-directed 
processes as well; Pavlovian approach is defined as behavior elicited by a reward-predictive 
stimulus. We found that female rats showed enhanced acquisition of the cue-reward association, 
but were less affected by reward devaluation and extinction, which are processes that reduce the 
motivational value of the reward (Ostlund & Balleine, 2008). Adolescent rats were less affected 
by reward devaluation than adults and had a greater degree of reacquisition of the cue-reward 
association, but these effects were sex-specific. Rather than being additive, the effects of age and 
sex were such that females had enhanced development of stimulus-directed behavior, while 
adolescents had weaker expression of goal-directed behavior.  
Adults responded significantly more than adolescents during magazine training. This 
finding is consistent with recent studies in male rats, where adult animals had substantially 
higher baseline levels of responding for sweetened liquid compared to adolescents 
(Andrzejewski et al., 2011) and adolescent rats took longer to approach the site of reward 
delivery (Doremus-Fitzwater and Spear, 2011; Burton and Fletcher, 2012). Trough entries during 
magazine training provide a measure of initial goal-directed behavior, as rats are developing a 
representation of the reward associated with trough entry during this period. This baseline 
difference in activity toward the food trough supports the notion that adolescents have relatively 
weaker goal-directed attention (Ernst et al., 2011).  
Our results suggest that the relationship between goal-directed attention during magazine 
training and the development of stimulus-directed approach behavior depends on sex. During the 
initial phase of Pavlovian approach training adult females exhibited more rapid acquisition of 
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approach behavior, compared to adolescent females and adult males. However, adult males did 
not acquire the association more rapidly than adolescent males. This suggests that the enhanced 
goal-directed attention in adults enhanced the development of stimulus-directed behavior during 
the Pavlovian approach task for females, but not for males. The sex difference in acquisition of 
approach, where adult females acquire the behavior faster and adolescent females reach higher 
levels of responding, is consistent with studies of cocaine self-administration that show females 
have enhanced acquisition of this behavior compared to males (Carroll and Anker, 2010). 
Overall, these results suggest that females exhibit enhanced development of stimulus-directed 
behavior that is accelerated by enhanced goal-directed attention in adulthood.  
We did not find evidence for enhanced development of stimulus-directed behavior during 
adolescence. In fact, adult males had higher levels of approach than adolescent males in the final 
conditioning sessions. This result is consistent with a recent study of instrumental conditioning 
where adult males responded more than adolescent males with repeated training (Sturman et al., 
2010). The results in male and female animals indicate that the reduction in goal-directed 
behavior in adolescents may have a negative effect on the acquisition of approach behavior. The 
results from the magazine training and conditioning phases suggest that sex mediates the 
development of stimulus-directed behavior, while age seems to mediate expression of goal-
directed behavior.   
Because reward devaluation reduces the internal motivation for reward, we predicted that 
adolescent and female animals would be less sensitive to its effects (Dickinson, 1994; Ostlund & 
Balleine, 2008). We found that both adolescents and females were relatively less affected by 
reward devaluation than adult males, which is consistent with the hypothesis that stimulus-
directed processes have a greater contribution than goal-processes to reward behavior in 
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adolescents and females. Though we have asserted that adolescents initially had weaker goal-
directed attention, adolescent females did not differ from adult females in their sensitivity to 
reward devaluation. Although there was no effect of age in females, adolescent males were less 
sensitive to the effects of reward devaluation than adult males. The relative insensitivity to 
reward devaluation in adolescent males is consistent with the hypothesis that adolescents favor 
stimulus-directed, rather than goal-directed, processes (Ernst et al., 2011). This may be related to 
developmental changes within the PFC, which is thought to have relatively impaired functioning 
during adolescence (Ernst et al., 2006; Galvan et al., 2006; Cohen et al., 2010; Van Leijenhorst et 
al., 2010b; Koss et al., 2011; Paul and Cox, 2012). Specifically, developmental alterations within 
the OFC, which is a subregion of the PFC involved with updating the expected value of 
outcomes (Pickens et al., 2003; Overman, 2004; Everitt and Robbins, 2005; Schoenbaum and 
Roesch, 2005; Galvan et al., 2006; Ostlund and Balleine, 2007; Sturman et al., 2010; Van 
Leijenhorst et al., 2010a), could lead to impairment in both reward devaluation and extinction 
learning.  
 Behavior that is primarily stimulus-directed is less sensitive to the effects of extinction. 
The finding that adult females have weaker extinction learning than adult males is in line with 
the sex differences seen in extinction from drugs of abuse (Perry et al., 2008; Carroll and Anker, 
2010; Kuhn et al., 2010). The enhanced reacquisition in adolescent females may have resulted 
from the incomplete extinction of the cue-reward association, given that adolescent females had 
higher levels of extinction responding than adolescent males. Our hypothesis that female sex is 
associated with an enhanced contribution of stimulus-directed processes to reward behavior 
could explain the incomplete extinction and enhanced reacquisition in female adolescents.  
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The literature suggests that adolescent age and female sex are each independently 
associated with relatively more stimulus-directed behavior, relative to goal-directed behavior 
(Fuchs et al., 2005; Kosten and Zhang, 2008; Sturman et al., 2010; Andrzejewski et al., 2011; 
Anker et al., 2011; Burton et al., 2011). However, our findings suggest that the effects of age on 
behavior are most pronounced in males, while female adolescents and adults are similarly 
insensitive to changes in reward value.  Therefore we suspect that female sex is associated with 
an enhanced development of stimulus-directed behavior regardless of age. This may be an 
important contributing factor to the vulnerability of females to developing compulsive behaviors 
like addiction. Our results are consistent with studies conducted using drugs of abuse (Kosten 
and Zhang, 2008; Lynch, 2008; Perry et al., 2008; Anker and Carroll, 2010; Carroll and Anker, 
2010; Anker et al., 2011) and suggest that age and sex differences in response to drug reward are 
likely due to both differences in reward processing  and specific drug effects.   
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Figures 
 
Figure 3.1: Magazine training and Pavlovian approach conditioning. Panel A shows total 
trough entries during magazine training sessions for male and female adolescent and adult rats. 
Panel B shows approach behavior during the first eight conditioning sessions. ^^ p < 0.01 vs 
adolescents; * p < 0.05, ** p < 0.01 and *** p < 0.001, vs. adolescent females; @ p < 0.05 and 
@@ p < 0.01 vs. adult males 
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Figure 3.2: Reward devaluation. Panel A shows consumption of 20% sucrose solution, relative 
to bodyweight, during the 60 min free access period. Panel B shows the change in CS+ approach 
following devaluation, calculated as a difference score: devaluation session CS+ approach – 
conditioning session 8 CS+ approach. @ p < 0.05 and @@ p < 0.01, vs. adult males 
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Figure 3.3: Extinction and reacquisition. Panel A shows the CS+ approach for the two 
conditioning sessions prior to extinction, as well as the CS+ approach during each day (average 
of morning and evening sessions) of extinction. Panel B shows CS+ approach during 
reacquisition. * p < 0.05 and *** p < 0.001, vs. adolescent females; # p < 0.05 vs. adult females; 
+ p < 0.05 vs. adolescent males; @@@ p < 0.001, vs. adult males  
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CHAPTER 4: EFFECTS OF AMPHETAMINE EXPOSURE IN ADOLESCENCE OR 
YOUNG ADULTHOOD ON INHIBITORY CONTROL IN ADULT MALE AND 
FEMALE RATS2 
Introduction 
Drug abuse is associated with elevated levels of impulsivity (Evenden, 1999; Dalley et 
al., 2011; Bari and Robbins, 2013); for example, both recreational and dependent stimulant users 
are impaired in measures of response inhibition (Fillmore and Rush, 2002; Monterosso et al., 
2005; Colzato et al., 2007). In addition to being correlated with substance abuse, high levels of 
impulsive behavior are associated with a number of psychopathologies including attention 
deficit-hyperactivity disorder (ADHD), obsessive-compulsive disorder, and schizophrenia (Perry 
and Carroll, 2008; Crews and Boettiger, 2009; Groman et al., 2009; Rogers et al., 2010; Jentsch 
and Pennington, 2013). Interestingly, sex differences in the incidence and presentation of these 
disorders sometimes co-vary with impulsivity (Becker and Hu, 2008; Trent and Davies, 2012). 
Fewer females are diagnosed with ADHD and those diagnosed are less impulsive than their male 
counterparts (Gershon, 2002; Holden, 2005; Trent and Davies, 2012). Females with 
schizophrenia are diagnosed later in life compared to males (Häfner, 2003), but they exhibit 
more “positive” symptoms including increased impulsivity (Goldstein and Link, 1988; Miller 
and Burns, 1995). Healthy females tend to be less impulsive, though few human studies that 
specifically address this are available at this time (Van Leijenhorst et al., 2008). Sex differences 
in impulsivity could explain sex differences in the development of some psychopathologies. 
                                                   
2 Hammerslag, L. R., Waldman, A. J. A., & Gulley, J. M. (2014). Effects of amphetamine exposure in adolescence 
or young adulthood on inhibitory control in adult male and female rats. Behavioural Brain Research, 263(263), 22–
33. 
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Animal studies provide evidence for sex differences in impulsivity, but the direction of 
these differences has depended on the type of impulse control under investigation. Compared to 
males, female rats are more impulsive on tests of impulsive choice (Perry et al., 2007), but they 
appear less impulsive on tests of impulsive action (Jentsch and Taylor, 2003; Bayless et al., 
2012). One caveat of the studies reporting decreased impulsive action in females is that they 
have often relied on tasks that are primarily designed to test attention, including the five choice 
serial reaction time task (Bayless et al., 2012) and the spatial divided attention task (Jentsch and 
Taylor, 2003). Not only do males exhibit better attention during task performance (Jentsch and 
Taylor, 2003), but they also exhibit heightened vigilance (i.e., sustained attention) during long 
delays (Bayless et al., 2012). Because attention and vigilance are related to impulsive action 
these findings complicate interpretation of studies employing complex tasks.  
The present study was designed to investigate the potential interaction of sex and drug 
exposure history on impulsive action using a task with relatively low attentional demands 
(Hayton et al., 2010). We have previously demonstrated that there are greater deficits in working 
memory (Sherrill et al., 2013) and behavioral flexibility (Hankosky et al., 2013) when rats are 
exposed to AMPH during adolescence compared to adulthood. In addition, we have found 
increased impulsive-like behavior following adolescent AMPH exposure (Hankosky and Gulley, 
2012). These studies were all done in males, however. Female rats are known to be more 
sensitive to the acute effects of AMPH (Becker et al., 1982; Castner et al., 1993) and AMPH-
induced locomotor sensitization (Camp and Robinson, 1988; Becker et al., 2001), which may 
also lead them to be more sensitive to the effects of AMPH on impulsivity. Moreover, the 
influence of sex on sensitization may interact with age, as adolescent females exhibit enhanced 
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AMPH sensitization relative to adult females and adolescent males (Mathews and McCormick, 
2007).  
A secondary goal of the present study was to determine the extent to which differences in 
glutamate receptor function might contribute to group differences in impulsive action.  
Withdrawal from AMPH exposure is associated with reduced expression of NMDA and AMPA 
receptors in the mPFC (Lu and Wolf, 1999; Lu et al., 1999) and performance on the response 
inhibition task utilized in the current experiment has previously been associated with glutamate 
receptor plasticity in the prelimbic region of the mPFC (Hayton et al., 2010). We therefore 
hypothesized that AMPH exposure would increase impulsivity and influence the response to an 
NMDA antagonist, MK-801, known to increase impulsive action (Fletcher et al., 2011).  
Methods 
A total of 150 male and female Sprague-Dawley rats, which were born in our animal 
facility, were used in these experiments (n = 72 and 78 for experiments 1 and 2, respectively). 
Food was available ad libitum until the start of training, when rats were food restricted to 85-
90% of free-feeding weight. Rats in both experiments received 10 i.p. injections (1ml/kg), every 
other day, during both adolescence (P27-45) and adulthood (P85-103). Rats in the adolescent-
exposed group received 3.0 mg/kg d-AMPH sulfate during adolescence and 0.9% saline during 
adulthood. Rats in the adult-exposed group received 0.9% saline during adolescence and 3.0 
mg/kg d-AMPH sulfate during adulthood. Control animals received 0.9% saline during both 
adolescence and adulthood.  
Rats underwent magazine training and lever press training until they reached a training 
criterion of ≥ 80 reinforcements/session for two consecutive sessions. After they met the initial 
training criterion, rats received 2-3 daily sessions of a “no delay” version of the response 
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inhibition task (adapted from Hayton, Lovett-Barron, Dumont, & Olmstead, 2010). Briefly, there 
was a 10 s ITI, with all lights off and levers retracted, before each 5 s reinforced phase when the 
lever extended and the cue light above the lever became illuminated. When rats responded 
during the reinforced phase the lever retracted, the cue light above the lever turned off, and a 
pellet was delivered. Each session consisted of 150 trials. Rats were next trained on the delay 
version of the response inhibition task, which required them to withhold responding until the 
passage of a “premature phase” that was either 0.5, 1, or 2 s in duration. This phase occurred 
between the ITI and the reinforced phase and was similar to the reinforced phase except that the 
house light was illuminated while the cue light above the lever was not. Responses during the 
premature phase ended the trial and began the next 10 s ITI. If rats withheld responding during 
this phase, they progressed to the reinforced phase, as described above. Each session consisted of 
150 trials, with 50 trials each of the three premature phase lengths presented in random order. 
Training continued until rats met a stability criterion of two consecutive sessions with < 10% 
variation in inhibitory control, which was calculated by the following equation [(reinforced 
responses)/(reinforced responses + premature responses)].  
 After reaching the stability criterion, rats in experiment 1 were given a series of drug 
challenges to determine the effect on response inhibition task performance. They received one 
injection prior to each session in the following sequence, with doses presented in random order: 
saline, MK-801 (0.03, 0.06 and 0.08mg/kg), saline, AMPH (0.3, 0.6, 0.9mg/kg). Following the 
final test rats were given ad libitum access to food in their home cages and remained in their 
home colony for 8-10 days. They were then tested for their locomotor response to two challenge 
doses of AMPH (1.0 and 3.0 mg/kg, i.p.) during two sessions that were separated by 8-10 days. 
During these tests, rats were placed in an open-field arena for 30 min, injected (i.p.) with saline 
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and returned to the open-field for 30 min, and were then given AMPH. Rats were allowed to 
behave undisturbed in the open-field for 60 min following the AMPH injection.  
 Before the start of training, rats in experiment 2 underwent surgery to implant a bilateral 
guide cannula targeted at the prelimbic region of the mPFC (target: +3.0AP, ±0.75ML, -3.2DV). 
Rats were anesthetized with ketamine and xylazine (90 and 10 mg/kg, respectively; i.m.) and 
surgery followed standard stereotaxic procedures. A dummy cannula cut to the same length as 
the guide was inserted to prevent obstruction. Rats were allowed to recover for at least five days 
before beginning response inhibition training, as described above. After they met the response 
inhibition stability criterion, rats were given a series of intracranial infusions prior to each test 
session in the following sequence, with MK-801 presented in random order: mock infusion, 
saline, MK-801 (2.0 and 4.0 µg/side). During each injection, two 4.2 mm injectors were inserted 
into the guide cannulae, and 0.5 µl was infused over a 1 min period. Injectors remained in place 
for 2 min to allow for diffusion.  Following these tests rats were deeply anesthetized with chloral 
hydrate (800 mg/kg, i.p.) and neutral red (0.5µl/side) was infused into the guide cannulae to aid 
in identification of the injection site. Rats were then perfused with saline (60 mL) and buffered 
formalin (60 mL) and their tissue was harvested for verification of cannulae placement. Rats 
were excluded from data analysis if either side of the bilateral cannulae did not terminate in the 
prelimbic region of the mPFC.  
Data Analysis 
 In both experiments, the number of premature and reinforced responses, the latency to 
make these responses, and the number of omissions were recorded for each response inhibition 
session. Inhibitory control was calculated for each session with a delay by dividing the number 
of reinforced responses by the total number of responses. Latency was calculated for each 
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session by taking the average latency to make a premature or reinforced response. Inhibitory 
control, latency, and the number of omissions were analyzed using a four-way ANOVA with sex 
and treatment as between-subjects factors and session (or dose) and delay as within-subjects 
factors. In addition, latency and inhibitory control during the criterion session and the number of 
sessions required to reach criterion were analyzed using a two-way ANOVA with sex and 
treatment as between-subjects factors. For each of the open-field tests, activity was quantified 
during the 60 min following AMPH injection via software that provided a measure of ambulation 
and the total number of stereotyped movements. Ambulation and stereotypy were analyzed using 
separate three-way ANOVAs with sex and treatment as between-subjects factors and AMPH 
dose as the within-subjects factor.  
Because females differ in their response to AMPH during both adolescence (Mathews 
and McCormick, 2007), and adulthood (Camp and Robinson, 1988; Becker et al., 2001), the 
effects of AMPH exposure were also examined separately in males and females. Planned three-
way ANOVA were run within each sex for all previously mentioned four-way ANOVAs. All 
tests were performed in SAS (version 9.3). Alpha level was set to p < 0.05 and Tukey HSD post-
hoc tests were used to investigate significant main effects and interactions.  
Results 
Response inhibition training 
Inhibitory control improved across the first three delay training sessions in both 
experiments. In experiment 1 four-way ANOVA revealed significant main effects of session 
(F2,132 = 48.2, p < 0.001), delay (F2,132 = 964.8, p < 0.001) and sex (F1,66 = 7.50, p = 0.008), but 
no main effect of treatment. As shown in Fig. 4.1a with the data collapsed across treatment 
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group, females exhibited greater inhibitory control across sessions compared to males. There also 
were sex x delay (F2,132 = 48.2, p < 0.001) and session x delay (F2,132 = 48.2, p < 0.001) 
interactions. There were no significant effects of sex or treatment on the number of sessions 
required to meet the stability criterion (i.e., two consecutive sessions with < 10% variation in 
inhibitory control). When the data were collapsed across group, the mean sessions to criterion 
was 5.62 ± 0.43 and 6.33 ± 0.41 sessions for females and males, respectively. However, during 
the criterion session, females were still significantly less impulsive than males (83.2 ± 2.5% and 
75.1 ± 2.4%, respectively, collapsed across treatment). Three-way ANOVA of criterion 
performance revealed significant main effects of sex (F1,66 = 5.31, p = 0.024) and delay (F2,132 = 
159.2, p < 0.001), but no main effect of treatment and no interactions. 
Measures of latency to make a lever press response during the premature or reinforced 
phases of each trial also revealed evidence for sex differences. Females were slower to respond 
during no-delay training, relative to males. Three-way ANOVA of response latency revealed 
main effects of sex (F1,66 = 9.32, p = 0.003) and session (F1,66 = 161, p < 0.001). Response times 
during no-delay training for females and males were 1.72 ± 0.06 sec and 1.46 ± 0.06 sec, 
respectively, collapsed across treatment and session. During the first three delay training 
sessions, latency to make a premature response increased and three-way ANOVA revealed 
significant main effects of session (F2,132 = 74.1, p < 0.001) and sex (F1,66 = 8.64, p = 0.005). 
There was no main effect of treatment and no interactions. With data collapsed across treatment 
groups (Fig. 4.1b, left), it is evident that males made premature responses more quickly than 
females. The statistical significance of this difference was verified by significant main effects of 
sex (F1,66 = 8.64, p = 0.005) and session (F2,132 = 74.1, p < 0.001). During the criterion session, 
two-way ANOVA of premature response latency revealed that the main effect of sex persisted 
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(F1,66 = 4.17, p = 0.045), with females and males making premature responses after 1.43 ± 0.05 
sec and 1.29 ± 0.05 sec, respectively (collapsed across treatment). In contrast to this sex 
difference in premature response latency, the latency to make a reinforced response (Fig. 4.1b, 
right) was not different across treatment, sex or training sessions. There were also no effects of 
treatment or sex on reinforced response latency during the criterion session, where females 
responded in 1.03 ± 0.06 sec and males responded in 1.04 ± 0.06 sec (collapsed across 
treatment).  
Planned three-way ANOVA of inhibitory control within each sex revealed main effects 
of session (F2,62 = 100.0, p < 0.001)  and delay (F2,62 = 93.0, p < 0.001), as well as treatment x 
session (F4,62 = 3.62, p = 0.010) and session x delay (F4,124 = 3.40, p = 0.011) interactions in 
females. The treatment x session interaction was due primarily to the relatively low inhibitory 
control exhibited by adult-exposed females during the first session (Fig. 4.2a). In males the 
planned three-way ANOVA revealed main effects of session (F2,70 = 136.9, p < 0.001) and delay 
(F2,70 = 81.5, p < 0.001), but no effect of treatment and no interactions (Fig. 4.2b).  
For rats in experiment 2, who had received cannula implantation surgery, inhibitory 
control also improved across the first delay three training sessions, similar to experiment 1. Four-
way ANOVA revealed main effects of session (F2,144 = 40.7, p < 0.001), sex (F1,72 = 7.35, p = 
0.008), and delay (F2,144 = 1000.7, p < 0.001). Females displayed better inhibitory control across 
sessions, as shown in Fig. 4.1c, with data collapsed across treatment. Four-way ANOVA also 
revealed session x delay (F4,288 = 5.35, p < 0.001), sex x delay (F2,144 = 9.62, p < 0.001), sex x 
treatment (F2,72 = 3.30, p = 0.043), and sex x treatment x delay (F4,144 = 2.44, p = 0.049) 
interactions. Sex differences in inhibitory control were only evident at the 0.5 and 1 s delays. The 
sex x treatment and sex x treatment x delay interactions were explored through planned three-
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way ANOVA within each sex (see below).  The number of sessions required to reach criterion 
(i.e., two consecutive sessions with < 10% variation in inhibitory control) depended on sex and 
treatment. Adolescent-exposed males required the greatest number of sessions to reach criterion 
– a mean of 8.75 sessions compared to means between 5.46 and 6.86 sessions for all other 
groups. Two-way ANOVA of sessions to criterion revealed a main effect of sex (F1,72 = 7.69, p = 
0.007) and a sex x treatment interaction (F2,72 = 4.75, p = 0.012). Upon reaching criterion, the 
effects of sex and treatment on inhibitory control were no longer present, with females and males 
displaying similar levels of inhibitory control (77.9 ± 2.9% and 74.1 ± 2.9%, respectively, 
collapsed across treatment). 
Similar to what we observed in Exp. 1, measures of latency to make a lever press 
response during the premature or reinforced phases of each trial also revealed evidence for sex 
differences. Females were slower to respond during no-delay training, relative to males. Three-
way ANOVA of response latency revealed main effects of sex (F1,72 = 27.0, p < 0.001) and 
session (F1,72 = 276, p < 0.001), but the effect of treatment failed to reach significance (p = 
0.051). Response times during no-delay training for females and males were 1.68 ± 0.06 s and 
1.27 ± 0.06 s, respectively, collapsed across treatment and session. During the first three delay 
training sessions, latency to make a premature response increased and three-way ANOVA 
revealed main effects of session (F2,144 = 64.5, p < 0.001) and sex (F1,72 = 11.3, p = 0.001), but no 
effect of treatment and no interactions. With data collapsed across treatment groups (Fig. 4.1d, 
left), it is evident that males made premature responses more quickly than females. During the 
criterion session, two-way ANOVA of premature response latency revealed that the main effect 
of sex persisted (F1,72 = 5.20, p = 0.026), with females and males making premature responses 
after 1.35 ± 0.05 s and 1.19 ± 0.05 s, respectively (collapsed across treatment). Latency to make 
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a reinforced response decreased across the first three sessions. Three-way ANVOA revealed a 
main effect of session (F2,139 = 3.46, p = 0.034) as well as a sex x session interaction (F2,139 = 
6.22, p = 0.003), but no effect of treatment and no interactions. With data collapsed across 
treatment groups (Fig. 4.1d, right), it is clear that females made reinforced responses more 
quickly during the first session. There were no effects of sex or treatment on latency to make a 
reinforced response during the criterion session, where females responded in 1.00 ± 0.06s and 
males responded in 1.05 ± 0.07s (collapsed across treatment) 
Inhibitory control during the first three sessions was influenced by interactions between 
sex, treatment, and delay, as discussed previously. Planned three-way ANOVA within each sex 
were used to explore these interactions further. In females there were main effects of treatment 
(F2,37 = 8.00, p = 0.001), session (F2,74 = 73.1, p < 0.001), and delay (F2,74 = 126.7, p < 0.001). 
Post hoc tests revealed that adult-exposed females had less inhibitory control than the 
adolescent-exposed and control females (Fig. 4.2c). During the 0.5 and 1 s delays, adult-exposed 
females had poor inhibitory control relative to both adolescent-exposed and control rats, but they 
no longer differed from controls at the 2 s delay (Fig. 4.2e). In males there were main effects of 
session (F2,70 = 116.1, p < 0.001) and delay (F2,70 = 66.9, p < 0.001), as well as a treatment x 
session interaction (F4,70 = 2.96, p = 0.026). Post hoc tests revealed that adolescent-exposed 
males had poorer inhibitory control than control males during the 3rd session (Fig. 4.2d) and that 
they were only impaired relative to controls during the 2 s delay (Fig. 4.2f). 
Effects of systemic drug challenges 
 Challenge injections of MK-801 reduced inhibitory control, but only in females. Four-
way ANOVA revealed a main effect of sex (F1,66 = 4.67, p = 0.034), but the main effect of dose 
failed to reach significance (p = 0.082) and there was no effect of treatment and no interactions. 
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While females had better inhibitory control, they also appeared to be more sensitive than males 
to the effects of MK-801 (Fig. 4.4a).  Planned three-way ANVOA revealed main effects of dose 
(F3,93 = 11.8, p < 0.001) and delay (F2,62 = 43.8, p < 0.001) in females (Fig. 4.3a), while dose 
failed to reach significance in males (F3,105 = 2.62, p = 0.055), though there was a treatment by 
dose interaction (F6,105 = 2.71, p = 0.017) specific to males (Fig. 4.3b). This interaction was 
driven by improved inhibitory control at the intermediate doses of MK-801 for control males and 
decreased inhibitory control at the 0.03 and 0.08mg/kg doses for adolescent-exposed. In addition, 
MK-801 reduced the latency to make a premature response (Fig. 4.4b, left): three-way ANOVA 
revealed a main effect of dose (F3,198 = 4.62, p = 0.004), but the sex x dose interaction failed to 
reach significance (p = 0.087). MK-801 increased latency to make a reinforced response in 
females only, as shown in Fig. 4.4b (right), with data collapsed across treatment group. Three-
way ANOVA revealed main effects of dose (F3,198 = 7.38, p < 0.001) and sex (F1,66 = 8.18, p = 
0.006), as well as a sex x dose interaction (F3,198 = 12.4, p < 0.001), but no effect of treatment 
and no interactions. Finally, MK-801 increased omissions; three-way ANOVA of the 
transformed omission data revealed main effects of dose (F3,198 = 4.27, p = 0.006) and sex (F1,66 
= 11.7, p = 0.001), as well as a sex x dose interaction (F3,198 = 8.03, p < 0.001), but no effect of 
treatment and no interactions. Females made more omissions than males at the highest dose of 
MK-801, with 8.94 ± 2.58 and 0.789 ± 0.424 for females and males, respectively, at 0.08mg/kg 
of MK-801.  
 Challenge injections of AMPH reduced inhibitory control more robustly than challenge 
injections of MK-801. Four-way ANOVA revealed main effects of dose (F3,197 = 5.78, p < 
0.001), sex (F1,66 = 11.8, p = 0.001), and delay (F2,132 = 882.8, p < 0.001), but no effect of 
treatment. Females displayed better inhibitory control across doses of AMPH, as shown in Fig. 
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4.4c with data collapsed across treatment. The four-way ANOVA also revealed sex x delay 
(F2,132 = 6.54, p = 0.002) and dose x delay (F6,394 = 9.57, p < 0.001) interactions. Examination of 
the dose x delay interaction revealed that AMPH challenge reduced inhibitory control only 
during 2 s delay trials, but premature response latency during these trials was unaffected by 
AMPH dose. Three-way ANOVA of premature response latency revealed only a main effect of 
sex (F1,66 = 7.79, p = 0.007); females made premature responses more slowly, as shown in Fig. 
4.4d (left), collapsed across treatment. Reinforced response latency, however, was increased 
following AMPH challenge. Three-way ANOVA revealed a main effect of dose (F3,198 = 3.73, p 
= 0.012) and a sex x dose interaction (F3,198 = 7.01, p < 0.001), but no effect of treatment. As 
shown in Fig. 4.4d (right), with data collapsed across treatment, females took longer to make a 
reinforced response at the highest dose of AMPH. AMPH also increased the number of 
omissions. Three-way ANOVA of the transformed omission data revealed a main effect of dose 
(F3,198 = 11.4, p < 0.001) and a sex x dose interaction (F3,198 = 4.13, p = 0.007). Females made 
more omissions than males at the highest dose of AMPH, with 18.0 ± 3.93 and 12.8 ± 4.8 
omissions after the 0.9mg/kg dose of AMPH for females and males, respectively.  
The locomotor response to subsequent challenge with 1.0 or 3.0 mg/kg AMPH revealed 
evidence for lasting sensitization in rats pre-exposed to the drug. Three-way ANOVA of 
ambulation in the open-field revealed main effects of dose (F1,65 = 104, p < 0.001) and treatment 
(F2,65 = 8.66, p < 0.001), as well as a treatment x dose interaction (F2,65 = 8.79, p < 0.001). Post 
hoc analysis revealed that, relative to controls, rats exposed to AMPH during adolescence or 
adulthood had significantly lower levels of ambulation following injection of 3.0 mg/kg AMPH 
(Fig. 4.5a). This reduction in ambulation was due to an increase in a competing behavior, 
stereotypy. Three-way ANOVA of stereotypy revealed main effects of dose (F1,65 = 61.7, p < 
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0.001) and treatment (F2,65 = 10.7, p < 0.001), as well as a treatment x dose interaction (F2,65 = 
6.31, p = 0.003). Post hoc analysis revealed that, relative to controls, adolescent- and adult-
exposed rats had significantly higher levels of stereotypy following 3.0 mg/kg AMPH (Fig. 
4.5b).  
Effects of intra-mPFC infusion of MK-801 
 Infusion of MK-801 into the prelimbic mPFC had no statistically significant effects on 
inhibitory control when analyzed with a four-way ANOVA (data shown collapsed across sex in 
Fig. 4.4e; all dose-related p values > 0.4). When data was analyzed separately within females 
(Fig. 4.3c) and males (Fig. 4.3d), we found a significant effect of intra-mPFC MK-801 in males 
only (F2,62 = 6.26, p = 0.003), with improvements in inhibitory control at the 2.0µg/side dose, 
relative to vehicle and 4.0µg/side. Latency to make a premature response was increased 
following intra-mPFC MK-801 (Fig. 4.4f, left). Three-way ANOVA of premature response 
latency revealed a main effect of dose (F2,126 = 3.55, p = 0.032), but no main effects of treatment 
or sex and no interactions. Latency to make a reinforced response (Fig. 4.4f, right) tended to 
decrease across infusion dose, but three-way ANOVA revealed the main effect of dose was just 
below the statistical significance level (F2,122 = 3.55, p = 0.052) and there were no other 
significant main effects or interactions.  
Discussion 
In the current study, we used a response inhibition task with relatively low demands on 
attentional resources to investigate the potentially interacting influences of sex and AMPH 
exposure on impulsive action. We found that females had better inhibitory control compared to 
males. Moreover, females were the only sex to show a consistent effect of AMPH pre-exposure 
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on impulsivity, with rats exposed during young adulthood exhibiting reduced inhibitory control 
compared to rats exposed during adolescence and saline-treated controls. The effect of AMPH 
pre-exposure in males was limited to the second experiment, where rats exposed during 
adolescence, but not adulthood, displayed reduced inhibitory control relative to saline-treated 
controls. We also investigated whether the response to drug challenge would be affected by sex 
or previous AMPH exposure. In the first experiment we found that challenge injections of MK-
801 or AMPH had a greater effect on task performance in females, compared to males, but the 
response to these challenges was unaffected by previous AMPH exposure. In addition, all 
AMPH-exposed rats exhibited sensitization to the locomotor-stimulating effects of acute AMPH. 
In the second experiment we found that intra-mPFC injections of MK-801 did not increase 
impulsivity and had no interacting effect with sex or AMPH exposure, but they did alter response 
latency and omission rate. Overall, our results suggest that sex mediates both basal (i.e., trait) 
and drug-induced impulsivity, as well as the response to systemic drug challenge.  
Response inhibition training   
The finding that females are less impulsive than males is consistent with two other 
studies of sex differences in impulsive action that used tasks requiring rats to attend to numerous 
stimuli simultaneously (Jentsch and Taylor, 2003; Bayless et al., 2012). We have previously 
demonstrated that females exhibit faster acquisition of conditioning than males (Hammerslag and 
Gulley, 2013), and so it is possible that females may have learned to inhibit responses more 
rapidly than males. However, this is unlikely to explain the present results because females were 
less impulsive than males throughout all training and testing sessions in the first experiment. 
This is consistent with another recent study on sex differences in impulse control, which 
demonstrated that females had better inhibitory control after up to 70 sessions of training 
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(Bayless et al., 2012). It is noteworthy, however, that that sex differences were no longer evident 
by the criterion session in experiment 2. Males required more sessions to reach criterion and the 
additional training sessions they received may have diminished the effect of sex.  
Females not only make fewer premature responses, but those that they do make are 
delayed relative to males. One explanation for this finding is that females may have exerted more 
control over pre-potent responses, even when they ultimately failed to stop them. However, it is 
also possible that the sex difference in premature response latency was influenced by sex 
differences in attention. Indeed, studies demonstrating low levels of impulsive action in females 
have also found that females have poorer visual attention and are less able to sustain attention 
(i.e., vigilance) during intertrial intervals (Jentsch and Taylor, 2003; Bayless et al., 2012). 
Though the simple response inhibition task used in this study had low attentional demands, we 
were able to assess visual attention through the latency to make a reinforced response after the 
signaled end of the premature phase; females responded at least as rapidly as males, perhaps 
even more rapidly, following the illumination of the cue light. Not only do females seem to have 
similar attention during performance of the task, but it is also unlikely that physical differences 
(e.g., size, speed) contributed to sex differences in premature response rate and latency.  
Though sex differences in attention did not seem to inordinately contribute to our results, 
this does not rule out the possibility for an influencing role of  vigilance (Robbins, 2002). When 
we analyzed latency during no-delay sessions, we found that females respond more slowly 
following the 10 s intertrial interval, even in sessions where there was no consequence for failing 
to inhibit responding. Combined with the slower premature response rate, this suggests that 
females may have poorer vigilance during the intertrial interval. Therefore, the sex difference in 
inhibitory control we observed may represent impaired vigilance, enhanced inhibitory control or 
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some combination of the two. Previous work has demonstrated that these processes are 
connected and may influence each other (Robbins, 2002; Bayless et al., 2012). As rats learn to 
inhibit premature responding in our study, they also learn that continued vigilance for the 
extension of the levers is no longer advantageous since the cue light becomes the relevant 
stimulus, instead of lever extension. Latency to respond following lever extension (i.e., during 
the premature phase) increases for all rats across sessions as a result of this increase in inhibitory 
control and decrease in vigilance. Though vigilance cannot be separated from inhibitory control 
in the current study, others have suggested that both factors contribute to sex differences in 
performance on the 5-CSRT task (Bayless et al., 2012) and we suspect that this is the case in our 
study as well.  
Though the current study adds to growing evidence for sex differences in impulsivity and 
vigilance, there are conflicting reports that should be considered. In one study, female rats 
responded more than males during signaled non-availability periods on a Go/No-Go task, which 
the study authors interpreted as impaired inhibitory control (Anker et al., 2008). In contrast to 
other studies of impulsive action, pre-potent responses in this Go/No-Go task are without 
consequence, and therefore may measure differences in anticipatory or extinction responding 
rather than impulsive action. In another study, rats trained in a two-choice serial reaction time (2-
CSRT) task exhibited inconsistent sex differences in impulsive action (Burton and Fletcher, 
2012). It is noteworthy, however, that females are less impulsive than males when tested with the 
more complex, five-choice version of this task, the 5-CSRT task (Bayless et al., 2012). The 
reason for the discrepancy between these similar tasks is unclear and warrants further 
investigation. Finally, it is possible that sex differences in impulsivity are subtype-dependent as 
female rats exhibit greater levels of impulsive choice (Perry et al., 2007). In contrast, human 
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females seem to have lower levels of impulsive choice (Kirby et al., 1996; Van Leijenhorst et al., 
2008). More human and animal studies are needed to clarify how sex affects impulsivity as 
differences in impulsivity may lead to meaningful changes in disease vulnerability or even in the 
effects of drugs of abuse.  
We found that the effects of AMPH exposure on impulsive action were dependent on sex 
and age of exposure. Specifically, females exposed to AMPH in adulthood exhibited increased 
impulsivity compared to saline-treated controls. Though we found that adult-exposed females 
were more impulsive in both experiments, the effect of AMPH exposure on impulse control was 
more pronounced in the second experiment. For males, we found no effect of AMPH exposure in 
the first experiment, while there was a modest effect of adolescent-exposure in the second. The 
reasons for this are not clear, but rats in the second experiment underwent surgery for bilateral 
implantation of intracerebral cannulae and this experience could be considered a stressful event. 
Stress can cause cross-sensitization to the effects of psychomotor stimulants (Nikulina et al., 
2004; Doremus-Fitzwater and Spear, 2010). Therefore, the stress induced by surgery may have 
interacted with the effects of prior AMPH exposure to cause even greater drug-induced deficits 
in impulse control in the second experiment.  
Though AMPH exposure produced increases in impulsivity in both males and females, 
the effect was more robust and consistent in females. Our finding that females were more 
impacted by the long-term effect of AMPH on impulsive action is consistent with a recent study 
in humans, which found that psychostimulant abuse is associated with greater increases in motor 
impulsivity in females, relative to males (Perry et al., 2013). Increased sensitivity to the effects 
of AMPH on the mPFC could explain the observed sex difference in AMPH-induced impulsivity 
(Camp and Robinson, 1988; Carroll and Anker, 2010). For example, AMPH sensitization leads 
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to reduced PFC thickness in females, but not in males (Muhammad et al., 2011). Though we 
found that females were more sensitive to the effects of AMPH on impulse control, we failed to 
reveal an effect of sex on locomotor sensitization. Although this seems inconsistent with other 
published results (Camp and Robinson, 1988; Mathews and McCormick, 2007), these studies 
assessed sensitization on the last day of AMPH exposure. Here, we used an extended withdrawal 
period (two to four months, depending on age-of-exposure). Given that sex differences disappear 
when sensitization is examined following just 16 days of withdrawal (Bisagno et al., 2003), the 
longer withdrawal period in the current study may explain the similar levels of sensitization in 
males and females.  
Though adult AMPH exposure produced more robust effects in females, only males 
demonstrated persistent impairments following adolescent AMPH exposure. The finding that 
adolescent exposure, but not adult exposure, increased impulsivity in males is consistent with our 
previous studies in males, where we have demonstrated that adolescent exposure to AMPH has a 
greater effect on working memory and behavioral flexibility compared to adult exposure 
(Hankosky et al., 2013; Sherrill et al., 2013). Adolescents may be more vulnerable to the effects 
of drugs because adolescence is an important period in cortical development (Gulley and 
Juraska, 2013). However, we were unable to detect any persistent effect of adolescent AMPH-
exposure on impulsivity in females even though sensitization to the locomotor-stimulating 
effects of AMPH was still evident nearly four months after the last AMPH treatment in 
adolescence. Sex differences in cortical development may explain the lack of effect in females. 
Females undergo overproduction and pruning of synapses earlier in adolescence than males; 
therefore males and females may have been in different stages of cortical development during the 
final adolescent AMPH treatments (Brenhouse and Andersen, 2011).  
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It is also possible that adolescent-exposed females may have recovered from the effects 
of repeated AMPH exposure on impulsivity by the time training in the task commenced. Adult-
exposed rats began training after a withdrawal period of 17-27 days, whereas adolescent-exposed 
rats began after an 80-90 day withdrawal period. In our previous study, the effect of adolescent 
AMPH-exposure on working memory was diminished when training began after an 80-day, 
relative to a 30-day, withdrawal period (Sherrill et al., 2013). In addition, others have shown that 
deficits in memory caused by adolescent cocaine exposure are no longer apparent following a 
105 day withdrawal period (Santucci et al., 2004). Also noteworthy are results showing that 
adolescent rats exposed to cocaine do not exhibit long term changes in nucleus accumbens 
glutamate following a 14-day withdrawal whereas adult-exposed rats do exhibit these changes 
(Scheggi et al., 2002; Lu et al., 2003; Marin et al., 2008) . 
Effects of systemic drug challenges 
Although adult-exposed females exhibited AMPH-induced increases in impulsive action, 
AMPH exposure did not influence the effects of MK-801 and AMPH challenge on impulsive 
action in females. Systemic challenge with the NMDA antagonist MK-801, which has previously 
been shown to increase impulsive action at similar doses (Fletcher et al., 2011), decreased 
inhibitory control but there was no difference between AMPH-exposed and control females. 
Among males, however, MK-801 caused a reduction in inhibitory control among adolescent-
exposed males, but may have increased inhibitory control in saline-exposed males. This supports 
the notion that adolescent amphetamine exposure has larger effects on impulsive action in males, 
relative to females. We also found that MK-801 was significantly more effective at disrupting 
task performance (response latency and omissions) in females compared to males. Previously, 
females were reported to exhibit more locomotor behavior and neurotoxicity following high 
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doses (0.3 and 5.0 mg/kg, respectively) of MK-801 (Hur et al., 1999; Devaud et al., 2002). One 
potential interpretation of the heightened sensitivity of females to the effects of MK-801 that we 
and others have observed is that there may be sex differences in glutamatergic transmission. 
There is currently little direct evidence for such a hypothesis, but others have suggested that sex 
differences in glutamatergic signaling could help explain the fact that female rats tend to exhibit 
enhanced performance in cognitive and instrumental conditioning tasks relative to males (Dalla 
and Shors, 2009; Sutcliffe, 2011). Of course, sex differences in sensitivity to MK-801 likely also 
would involve other neurochemical systems as this drug leads to increased metabolism and 
turnover of dopamine and serotonin in many areas, including the PFC (Löscher et al., 1991). 
These systems have all been shown to be involved in impulse control (Perry et al., 2011; Dalley 
and Roiser, 2012). For example, poor inhibitory control is associated with higher levels of 
dopamine D1 receptor mRNA expression in the nucleus accumbens (Simon et al., 2013) and 
male rats have greater levels of nucleus accumbens D1 receptor expression (Andersen et al., 
1997). 
The sex differences we observed in response to AMPH challenge followed the same 
pattern that we observed with challenge injections of MK-801: females exhibited heightened 
sensitivity to the effects of AMPH challenge on reinforced response latency and omissions. This 
provides additional support for the possibility that sensitivity to the disruptive effects of MK-801 
may be mediated by sex differences in dopamine signaling. As with MK-801, we found a dose-
dependent decrease in inhibitory control following AMPH challenge, but we found no effect of 
previous AMPH exposure on the response to AMPH challenge. In contrast, all AMPH-exposed 
rats exhibited robust sensitization to the locomotor stimulating effects of AMPH, regardless of 
sex or age-of-exposure. This suggests that the changes underlying the development of locomotor 
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sensitization do not extend to areas involved in impulse control. In line with this, AMPH 
sensitization produces changes in monoamine transmission in numerous regions, but not within 
the mPFC (Bisagno et al., 2003; Scholl et al., 2009). Given that the mPFC plays an important 
role in the control of impulsive responses, it would seem that locomotor sensitization to AMPH 
does not necessarily predict changes in the effect of AMPH on mPFC-related tasks.  
Effects of intra-mPFC infusion of MK-801 on response inhibition 
Previous studies have suggested that acquisition and performance of a response inhibition 
task similar to the one used here is associated with changes in the expression of AMPA and 
NMDA receptors in the mPFC (Hayton et al., 2010). This led us to hypothesize that intra-mPFC 
infusions of an NMDA antagonist would disrupt task performance. However, we found that 
intra-mPFC infusions of MK-801 disrupted response latency and omissions while having no 
significant effect on inhibitory control. Thus, we observed an effect of systemic, but not intra-
mPFC, MK-801 on inhibitory control. There are a number of factors that may be responsible for 
this discrepancy. First, systemic MK-801 affects glutamate, dopamine and serotonin in multiple 
brain regions (Löscher et al., 1991), so it is possible that the effects of systemic MK-801on 
impulsive action may not have occurred in the mPFC. Another possibility is that the doses of 
MK-801 we infused into the mPFC may not have been high enough to produce an effect. This is 
somewhat unlikely, however, since similar doses of MK-801 infused into the mPFC impair 
performance on other tasks designed to test behavioral flexibility (Stefani and Moghaddam, 
2005; Watson and Stanton, 2009) and working memory (Jablonski et al., 2010). A third 
possibility is related to the target location for our infusions, the prelimbic region of the mPFC. 
This region was targeted because plasticity associated with learning the response inhibition task 
seems to occur in the prelimbic, and not the infralimbic, mPFC (Hayton et al., 2010). However, 
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intra-mPFC infusion of another NMDA antagonist, R-CPP, increased impulsivity on the 5-
CSRTT when the infusion was aimed at the infralimbic, but not the prelimbic, mPFC (Murphy et 
al., 2005). Furthermore, mPFC lesions increase impulsivity on the 5-CSRTT when they occur in 
the infralimbic, but not the prelimbic, mPFC (Pattij and Vanderschuren, 2008). Because we did 
not find an effect of intra-mPFC MK-801 in any of our rats, it is unclear whether AMPH 
exposure affected glutamate transmission in this region. 
Conclusion 
We found that females had better inhibitory control, but poorer vigilance, relative to 
males, which is an effect we replicated across two different experiments. When taken with 
previous results (Jentsch and Taylor, 2003; Bayless et al., 2012), these findings suggest that the 
female advantage in inhibitory control may be independent of sex differences in attention, but is 
not necessarily independent of sex differences in vigilance. Though females were less impulsive 
in general, their behavior was also more affected by drug exposure and challenge. Females 
exhibited drug-induced impulsivity following exposure to a sensitizing regimen of AMPH during 
adulthood and were more sensitive to the effects of MK-801 and AMPH challenge. Males, in 
contrast, only exhibited a modest degree of drug-induced impulsivity following adolescent 
exposure to AMPH. But males were also sensitive to the effects of adolescent amphetamine 
exposure on NMDA function, as they were more sensitive to the inhibitory control-reducing 
effects of systemic injections of MK-801. Though only males exhibited an effect of 
amphetamine exposure on sensitivity to drug challenge, females were more sensitive to the 
effects of drugs in general. The heightened sensitivity of females to drug effects may represent a 
sex difference in sensitivity to these drugs. Though we found that all AMPH-exposed rats 
exhibited locomotor sensitization to the effects of the drug, this sensitization was only associated 
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with a change in the response to MK-801 challenge in adolescent-exposed males. Because we 
were unable to reduce impulse control with intra-mPFC infusion of MK-801, these results cannot 
speak to the effect of AMPH exposure on mPFC glutamate transmission, specifically. In 
summary, we found that sex mediates impulsivity and the response to drug challenge, while sex 
and age-of-exposure interact to mediate the effects of AMPH exposure on impulse control and 
general NMDA function. Though females may be less susceptible to developing diseases like 
ADHD and addiction because of their enhanced inhibitory control, they may also be more 
vulnerable to the harmful long-term effects of drug abuse. Meanwhile, males may be more 
susceptible to the effects of adolescent drug exposure.  
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Figures 
 
Figure 4.1: Sex effects on response inhibition. The effect of sex on inhibitory control in 
experiment 1 (top) and 2 (bottom). Panels A and C show sex differences in inhibitory control, 
while panels B and D show sex differences in latency to make a premature (left) or reinforced 
(right) response. ** p < 0.01 vs males. 
 
 
51 
 
 
Figure 4.2: Treatment effects on response inhibition. The effect of amphetamine exposure on 
performance during the first three response inhibition training sessions in experiment 1 (top; n = 
11-13/group) and experiment 2 (bottom; n = 13-14/group) in females (A,C) and males (B,D). 
Behavior is also shown broken down by delay for females (E) and males (F). @@ p < 0.01, 
@@@ p < 0.001  vs adult-exposed females; # p < 0.05 vs adolescent-exposed  
In
hi
bi
to
ry
Co
nt
ro
l (
%
)
In
hi
bi
to
ry
Co
nt
ro
l (
%
)
A. B.
C. D.
E. F.
52 
 
 
Figure 4.3: Treatment specific effects of MK-801 on inhibitory control. The effect of 
amphetamine exposure on the response to systemic MK-801 challenge in experiment 1 (top; n = 
11-13/group) and intra-mPFC MK-801 infusion in experiment 2 (bottom; n = 13-14/group) in 
females (A,C) and males (B,D). *p < 0.05 and **p < 0.01 vs 0mg/kg or 0µg/side; @@p < 0.01 vs 
2.0µg/side 
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Figure 4.4: Sex differences in the effects of systemic and local injections of AMPH or MK-
801 on response inhibition. Sex differences in the response to systemic MK-801 injection (A,B) 
or systemic AMPH injection (C,D), and intra-mPFC MK-801 infusion (E,F) collapsed across 
treatment group (n = 34-38/group). Panels A, C, E show inhibitory control following injection. 
Panels B, D, F show latency to lever press during the premature (left) and response (right) 
phases. * p < 0.05, ** p < 0.01, *** p < 0.001 vs males 
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Figure 4.5: Locomotor testing for sensitization to AMPH. Activity during 60 min period 
following 1.0 and 3.0 mg/kg AMPH injection (n = 11-13/group). Panel A shows cumulative 
ambulation (m). Panel B shows the cumulative number of stereotyped movements. *** p < 0.001 
vs. control. 
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CHAPTER 5: SEX-SPECIFIC RELATIONSHIPS BETWEEN ADOLESCENT 
IMPULSIVITY, ADULT IMPULSIVITY AND ETHANOL DRINKING 
Introduction 
Individuals with high levels of impulsivity, who may act without thinking or demonstrate 
a preference for immediate gratification, are at greater risk for substance abuse, legal trouble, and 
some psychiatric disorders (Kreek et al., 2005; Perry and Carroll, 2008; Fox et al., 2010; Dalley 
et al., 2011). Though adolescence is a critical period for the initiation of substance use and the 
emergence of many psychiatric disorders (Casey and Jones, 2010), studies investigating whether 
impulsivity is involved in the development of these disorders are often conducted during 
adulthood. While adult impulsivity may be associated with increased vulnerability to a variety of 
disorders, it is unclear if adolescent behavioral measurements can predict adult behavior and thus 
vulnerability to psychiatric disorders or substance abuse. Because adolescence encompasses the 
transition from childhood to adulthood it is a period of remarkable change in both behavior and 
brain development.  
There is considerable development within the brain during adolescence, particularly 
within the prefrontal cortex (PFC) and the striatum (Lenroot and Giedd, 2006; Raznahan et al., 
2014), regions involved in controlling and driving motivated behavior, respectively (Somerville 
and Casey, 2010; Dalley et al., 2011). Similarly, behavior becomes more controlled and less 
impulsive from adolescence to adulthood (Steinberg et al., 2008; Shulman et al., 2014; Charles et 
al., 2016), perhaps as a result of maturation within the PFC and striatum (Ernst et al., 2009). 
Interestingly, these maturational processes occur in a sex-specific fashion. For example, girls had 
better impulse control by the end of adolescence in one human study (Shulman et al., 2014). In 
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rodent models, females lose more neurons within the PFC from adolescence to adulthood 
(Willing and Juraska, 2015), while males undergo more overproduction and pruning of striatal 
dopamine D2 receptors (D2R) (Andersen et al., 1997). Pruning of D2Rs also occurs in the PFC 
during adolescence (Andersen et al., 2000), though no study has examined whether this pruning 
is sex dependent. Because PFC D2Rs are involved in regulating impulsive control (Simon et al., 
2013), any sex differences in this age-dependent pruning could contribute to sex differences in 
behavior. Development within the PFC can be disrupted by environmental factors such as stress 
and drug use (Gulley and Juraska, 2013). This may lead to changes in behavior; for example, 
adolescent drug use seems to change the trajectory of behavioral maturation in humans, leading 
to relatively poorer impulse control by adulthood (Charles et al., 2016). If the adolescent brain is 
undergoing dramatic and sex-dependent remodeling, and if that remodeling is sensitive to 
external factors, then it may be difficult to predict adult behavior using an adolescent 
measurement. Identifying adolescents that will go on to become impulsive adults could improve 
the identification of at-risk populations during a critical window of vulnerability, allowing for 
targeted interventions. 
One reason for the lack of longitudinal studies examining adolescent behavior and adult 
outcomes is the relative difficulty of assessing impulsivity during both adolescence and 
adulthood. The length of the adolescent period, lasting from approximately 10 to 19 years of age 
or longer (Brenhouse and Andersen, 2011), makes longitudinal studies in humans costly and 
time consuming. In rodents, however, adolescence occurs over a relatively brief period, from 
approximately postnatal day (P) 35 to 60 (Brenhouse and Andersen, 2011), while operant studies 
of behavior often take much longer to get reliable assessments. As a result, we know of only one 
study that has examined the stability of impulsivity from adolescence (P28-42) to late-
57 
 
adolescence and early adulthood (P56-64), finding that impulsivity was stable over this short 
period of development (McClure et al., 2014). Among human studies there is some evidence for 
stability from early to mid-adolescence (Jurk et al., 2015), mid to late adolescence (Anokhin et 
al., 2015), and from late adolescence to young adulthood (Roberts et al., 2001). However, it is 
difficult to control for external factors, such as drug use, in human studies. This is problematic 
because adolescent drug use, which is associated with poor impulse control, may lead to further 
reductions in impulse control by adulthood (Charles et al., 2016); this feedback loop could 
artificially inflate estimates of stability. Moreover, these human studies often examine 
dissociable (Dalley et al., 2011) and potentially unrelated (Broos et al., 2012b) aspects of 
impulsivity, from the tendency to prefer immediate gratification (Anokhin et al., 2015) to self-
control (Roberts et al., 2001).  
There are at least two aspects of impulsivity that may confer vulnerability to substance 
abuse and other negative health outcomes: impulsive action and impulsive choice. Impulsive 
choice is the preference for immediate reward over long term gain, while impulsive action is 
related to poor inhibitory control (Dalley et al., 2011). Rat models have shown that both action 
(Dalley et al., 2007; Diergaarde et al., 2008) and choice (Poulos et al., 1995; Diergaarde et al., 
2008; Perry et al., 2008; Anker et al., 2009; Broos et al., 2012a) predict drug self-administration. 
Both subtypes are also associated with D2R mRNA within the prelimbic medial PFC in male rats 
(Simon et al., 2013), though it is unclear if this relationship would hold for female rats. However, 
action and choice are dissociable (Dalley and Roiser, 2012) and not tightly correlated in rats 
(Winstanley et al., 2004; Broos et al., 2012b) or humans (Broos et al., 2012b). It is therefore 
unclear if one subtype more strongly predicts drug use than another, or if one subtype is more or 
less stable than another during development. Given our interest in impulsivity as a predictor for 
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future behavior we wanted to understand whether the predictive value of adolescent impulsivity 
measurements was subtype-dependent.      
In this study we address the need for comprehensive and longitudinal studies of 
impulsive behavior by assessing both impulsive action and choice in rats as they mature from 
adolescence to adulthood. To test both subtypes during the short window of rat adolescence, we 
developed a novel action-choice task that allows for the rapid testing of both behaviors within a 
total of 24 days. Because the two subtypes of impulsivity we examined are highly dissociable, 
we expected to find differences in their stability during adolescent development. We also 
predicted that sex would influence both the level and the stability of impulsive action and choice 
across adolescent development. In a separate cohort we tested the reliability of our novel action-
choice task in rats that began training in adulthood. If impulsive action and choice represented 
aspects of a personality trait, and were not simply dependent on the current state of the animal, 
then we expected that they would be stable across two tests conducted during adulthood. We 
next examined voluntary ethanol drinking and prelimbic medial PFC D2R expression to examine 
if there were any sex- or subtype-specific links between impulsivity and these measures. To our 
knowledge, no one has examined the connections between impulsive action and drinking. 
Meanwhile, previous studies found that impulsive choice was either unrelated to drinking 
(Diergaarde et al., 2012) or positively associated with drinking (Poulos et al., 1995). Thus we are 
unable to predict whether there will be an association between drinking and either aspect of 
impulsivity, just as it is unclear if adolescent measurements of each subtype of impulsivity will 
predict adult impulsivity and drinking.  
Methods 
Subjects 
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A total of 178 male and female Sprague-Dawley rats completed the study. These rats 
were born in our animal facility from breeders originally obtained from Harlan (Indianapolis, IN, 
USA) and were weaned on postnatal day (P) 22, at which time they were housed in groups of 2-3 
same-sex littermates for the duration of the experiment. Rats were kept on a 12 h reversed 
light/dark cycle (lights off at 0900h) in a temperature controlled room. Water was available ad 
libitum throughout the study. All food was removed from home cages during the dark cycle, 2-4 
h prior to the start of each operant session. Food was returned within 1 h of the completion of 
operant testing and was available ad libitum at all other times. We have found this procedure 
leads to sufficient motivation during operant sessions while maintaining rats’ body weight at an 
average of 102 ± 0.65% of the free-fed weight estimated from a group of free-fed controls. 
Experimental procedures were approved by the Institutional Animal Care and Use Committee at 
the University of Illinois, Urbana-Champaign, and were consistent with the Guide for the Care 
and Use of Laboratory Animals (National Research Council, 2011).  
Apparatus 
Operant training was conducted in standard operant chambers (Coulbourn Instruments; 
Allentown, PA, US), located within sound attenuating cubicles. Chambers were equipped with a 
food magazine in the center of the front wall; a white light was mounted within the magazine. 
Retractable levers were located to the left and right of the magazine and a white cue light was 
located directly above each lever. A white houselight was located near the chamber ceiling on 
the back wall. Sessions were recorded and analyzed using Graphic State software (v3.1; 
Coulbourn Instruments).  
Pre-Training 
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Starting on P27 (adolescent test) or P77 (adult test) rats were weighed daily around 1200h 
and all food was temporarily removed from their cage for 2-4h. Four days later, each rat received 
approximately 10 food pellets that would later serve as reinforcers during operant sessions 
(45mg pellets; Bioserv, #F0021; Frenchtown, NJ) in their home cage before food was returned. 
Rats next underwent two daily magazine training sessions in the operant chambers, receiving 20 
pellets on a VT90 schedule (60-120s); the magazine was illuminated for 5s during pellet 
delivery. Next they began 6 days of autoshaping and lever press training. Training sessions were 
interleaved so that they trained on the lever that would eventually yield 1 pellet (small lever) on 
days 1, 3, and 5 and on the lever that would eventually yield 3 pellets (large lever) on the other 
days. Days 1 and 2 were autoshaping sessions, where pellets were delivered on a VT90 schedule 
of reinforcement as well as following lever presses. Days 3-6 were lever press training sessions 
and pellets could be obtained only after rats pressed a lever. Daily autoshaping and lever press 
training sessions ended after either 45 pellets were earned or 45 min had elapsed, whichever 
came first. During these sessions the cue light above the lever was illuminated except for during 
pellet delivery, when the cue would extinguish, the lever would retract, a single pellet would be 
dispensed, and the magazine light would be illuminated for 5s. Rats that did not press the lever 
during days 3-6 would receive crushed pellet bait on the lever every 10 min; if they earned fewer 
than 10 reinforcers on any day they received a handshaping session later that day. Handshaping 
sessions were identical to lever press training sessions, except that rats were also reinforced by 
the experimenter for successive approximations of the lever press behavior.  
Upon completing lever press training, rats underwent 2 daily forced choice sessions, 
where both levers were available simultaneously. During these sessions the value of the levers 
was changed, so that the “large lever” yielded 3 pellets while the “small lever” still yielded 1 
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pellet. These sessions consisted of 25 “free choice” trials, wherein both levers were extended and 
the cue lights above the levers were illuminated. After rats pressed one of the levers they would 
both retract, the lights above the levers would extinguish, and the earned number of pellets 
would be delivered during a 5s reward delivery phase. After a 20s intertrial interval (ITI) the rats 
would receive a “forced choice” trial, where only the lever that they did not choose during the 
“free choice” trial was available. Once the “forced choice” lever was pressed the earned number 
of pellets would be dispensed and the session would progress to the next ITI and “free choice” 
trial.  
Action and Choice Task 
 Starting on P41 or P91 rats underwent two daily sessions of training with the basic rules 
of the impulsive action and choice task, without any impulsivity assessment. Training sessions 
began with a set of exemplars, where each lever was presented individually in random order. If a 
rat pressed the exemplar lever within 60s the lever would retract, the light above the lever would 
be extinguished, and 1s later the associated number of pellets would be delivered during a 5s 
pellet delivery period with the magazine light illuminated. The other lever would be presented a 
20s ITI, where both levers were available but all lights were extinguished. If the rat failed to 
press the exemplar lever within 60s the trial would be scored as an exemplar omission, a 20s ITI 
would elapse with only that lever available, and the same lever would be presented again. This 
would continue until the rat eventually pressed the exemplar lever, at which point training would 
continue, or until >60 min had elapsed without a lever press, at which point the session would be 
terminated. Lever bias was assessed by analysis of exemplar omissions during each session. Rats 
that were unwilling to press the same lever for 2 sessions (with one lever having 10+ more 
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exemplar omissions than the other lever), were immediately removed from the study (n = 12 
adolescent females, 1 adolescent male, 2 adult females, 6 adult males). 
Each set of exemplars was followed by a block of 8 choice trials and sessions consisted 
of 3 sets of exemplars and blocks, for a total of 24 choices. During choice trials both levers were 
extended, the cue lights above the levers were illuminated, and rats had 60s to choose either the 
large or small lever. Once a lever was chosen both levers retracted, the lights above the levers 
extinguished, and the chosen number of pellets were delivered after a 1s delay. During the 20s 
ITI between choice trials both levers were available, but the cue lights above the levers were not 
illuminated and responses on the levers had no consequence.  
We next tested impulsive action over 3 sessions wherein lever press responses during the 
ITI resulted in a signaled 5 s timeout (TO). During this TO, the ITI was interrupted and the 
houselight was illuminated; subsequent lever presses during this 5 s TO would reset the 5 s timer 
and thus extend the TO length. Responses during the ITI or TO were scored as “premature 
responses”. Repeated premature responses could extend the length of each ITI, up to a maximum 
of 60 s. Lastly, impulsive choice was measured over 5 sessions by introducing a delay 
discounting component to the task (adapted from Foscue et al, 2012). This was accomplished by 
delaying delivery of the large reward, while the delivery of the small reward remained fixed at 1 
s. Across the daily test sessions the delay to delivery of the large reward increased from 5 s on 
day 1 to 75 s on day 5. Responses during the ITI had no consequence during these impulsive 
choice test sessions. 
Retesting began 50 days after the start of the initial test (Fig. 1a), so that rats that had 
been tested as adolescents were retested at the same age as the rats who were initially tested as 
adults (P91). All rats were retested in different operant chambers from those they were originally 
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tested in and with the position of the large and small reward lever reversed. Rats completed 
every aspect of the aforementioned training procedures during the retest, including magazine 
training and lever press training.  
Ethanol Self Administration 
After rats had completed retesting they remained undisturbed in their home cages for 20 
days before the start of ethanol self-administration (SA; Fig. 1a). During the 15 sessions of 
ethanol SA, rats were taken to a separate testing room and placed in individual cages containing 
a bottle of water and three sipper tubes that each contained 5 mL of a sweetened ethanol solution 
(10% v/v ethanol and 0.2% saccharin). They remained in these cages for 30 min and were 
returned to their home cages immediately afterwards.   
Western blot analysis of D2R expression  
Rats were deeply anesthetized with pentobarbital (195mg/kg) and perfused transcardially 
with 60mL of ice-cold saline. Their brains were then removed and chilled for 3 min in ice-cold 
saline before they were sectioned using a chilled stainless steel cutting frame. The 3 sections 
containing the mPFC were left on razor blades atop ice packs for 30s before 1.0mm punches 
were obtained bilaterally from the prelimbic region of the mPFC (AP +2.5-4.7, ML +/- 1.0, DV -
3.0-4.0). Tissue samples were homogenized and protein concentration was estimated via 
Precision Red (Cytoskeleton, ADV02-A). Samples were prepared at 30µg in a 1:3 loading buffer 
(450 µl Laemmli + 50 µl βME) and run on a 4-15% electrophoresis gel (Biorad) at 100 V for 10 
min followed by 200 V for 25 min. Each gel contained 8 samples, in random order, and a control 
sample (comprised of prelimbic mPFC tissue from 6 naïve male rats) that was used to normalize 
the data across gels. The proteins were then transferred to a nitrocellulose membrane at 100 V 
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for 1 hr. The membrane was subsequently split at 75kD and each half was washed and then 
blocked with 5% milk in TBS-T (Tris Buffered Saline with 0.05% Tween 20) for one hour. After 
blocking the top half (>75kD) was probed with vinculin (Abcam AB18058, 130kD; 1:3000) and 
the bottom half (<75kD) was probed with dopamine D2 (Abcam AB21218, 48kD; 1:1000) 
overnight at 4 °C. The following day, the membranes were washed and the top half was probed 
with anti-mouse secondary antibody (1:1000, Cell Signaling Technology) while the bottom half 
was probed with anti-rabbit secondary antibody (1:1000; Cell Signaling Technology) for 2 hr. 
Prior to imaging the signal was enhanced with a chemiluminescent substrate (BioRad) for 5 min 
and imaged on the BioRad ChemiDoc Touch Gel Imaging System (BioRad). A control sample 
containing tissue from 6 experimentally naïve rats was included on each gel and the relative 
intensity of D2Rs was determined for each sample by the following equation: 
[(D2R/Vinculin)/(Control D2R/Control Vinculin)].   
Data Analysis 
 We analyzed test and retest performance with three-way repeated measures ANOVA for 
both premature responding (impulsive action) and delay discounting (impulsive choice), with 
session and test as within-subjects factors and sex as the between-subjects factor. We also 
examined the effects of sex and age-of-first-test on initial levels of premature responding, delay 
discounting, ITI responding during training, and normalized impulsive action (premature 
responding / average ITI responding during the basic task), as well as ethanol consumption later 
in life. For each of these measures we examined initial test performance using three-way 
ANOVA with session or block as the within subjects factor and sex and age (during first test) as 
the between-subjects factors.  
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 For all further analyses, impulsive action was defined as the average number of 
premature responses across the three action test sessions while impulsive choice was defined as 
the slope of the discounting curve across the five choice test sessions. Discounting curve slopes 
were calculated for each rat by performing individual linear regression analyses of % choice of 
the small lever vs. delay. The stability of impulsive action and choice were calculated using 
three-way ANCOVA, with retest performance as the dependent variable, initial test performance 
as the continuous variable, and sex and age-of-first-test as the between-subjects factors. The 
relationship between impulsive action or choice and ethanol consumption or D2R expression was 
evaluated with three-way ANCOVA, with initial levels of impulsive action or choice as the 
continuous variable and sex and age at initial test as the between-subjects factors. For each 
ANCOVA, significant interactions with the continuous variable were investigated with four 
separate pre-planned tests of the linear regression within each group. For drinking and D2R 
expression we further investigated significant ANCOVA results by specifically comparing rats 
with extremely high (≥ 66th percentile) or low (≤ 33rd percentile) levels of impulsive action or 
choice, relative to other rats of the same age and sex, in order to model the “extremes” of the 
personality trait. Using these categories, we examined the overall average level of drinking and 
relative D2R expression using three-way ANOVA, with impulsivity level, sex, and age-of-first-
test as between-subjects factors. All interactions were further investigated with Tukey HSD post-
hoc tests. All tests were performed in SAS (version 9.4) using PROC GLIMMIX and PROC 
REG. Alpha level was set to p < 0.05 and correlations were conducted with two-tailed 
distributions. 
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Results 
During the first impulsivity tests, conducted during adolescence or adulthood, age and 
sex affected ITI responding during training and premature responding during the impulsive 
action tests (Fig. 5.1b and 5.1c). Specifically, adolescent rats made fewer ITI lever presses 
during training sessions (Fig. 5.1b left; F1,174 = 42.3, p < 0.001), when these responses had no 
consequence . There was a main effect of session (F1,174 = 40.6, p < 0.001) as well as an 
interaction between age and session (F1,174 = 24.8, p < 0.001), such that adults decreased their ITI 
responding by the second session of the training, while adolescents did not. There was also an 
interaction between age and sex (F1,174 = 7.78, p = 0.006), with females having a higher level of 
ITI responding than males during adulthood. During the impulsive action test sessions the 
number of premature responses decreased across sessions (Fig. 5.1b, right; F2,347 = 75.4, p < 
0.001) and in a sex-dependent manner (F1,174 =4.34, p = 0.039). However, premature responding 
was also affected by interactions between sex and age (F1,174 = 12.3, p < 0.001), sex and session 
(F2,347 = 4.40, p = 0.013), and a three-way interaction between sex, age and session (F2,347 = 3.14, 
p = 0.044). Specifically, premature responding was highest in female adults, relative to male 
adults and female adolescents. When premature responses were normalized to account for 
baseline differences in ITI responding during the last two training sessions (Fig. 5.1c), 
adolescents and females displayed higher levels of impulsive action, relative to adults and males 
[main effects of sex (F1,174 = 4.82, p = 0.029) and age (F1,174 = 25.6, p < 0.001)]. In addition, 
normalized impulsive action decreased across sessions (F2,347 = 79.1, p < 0.001) and there was an 
interaction between session and sex (F2,347 = 3.69, p = 0.026), with females having a steeper 
decrease in impulsive action across sessions. Males appeared to have larger reductions in 
impulsivity by adulthood, but the interaction between sex and age did not reach significance 
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(F1,174 = 3.25, p = 0.073). There were no effects of age or sex on impulsive choice (data shown in 
Fig. 5.3a and 5.3b). 
We next examined the stability of impulsive action from an initial test to a retest 50 days 
later. In rats first tested as adolescents (Fig. 5.2a), impulsive action decreased from the 
adolescent test to the adult retest (F1,87 = 43.3, p < 0.001). It also decreased across sessions 
during both testing phases (F2,174 = 67.6, p < 0.001), though there was a test by session 
interaction (F2,173 = 6.71, p = 0.002) driven by the steeper reduction in premature responses 
across the initial test sessions. The results were similar in rats first tested as adults (Fig. 5.2b), 
with lower levels of impulsive action during retest (F1,87 = 107.9, p < 0.001), a decrease in 
premature responding across sessions (F2,174 = 61.0, p < 0.001), and a session by test interaction 
(F2,174 = 7.93, p < 0.001). However, among rats first tested as adults, females were more 
impulsive than their male counterparts (F1,87 = 13.1, p < 0.001). For these rats, sex interacted 
with test (F1,87 = 6.68, p = 0.011) and session (F2,174 = 7.43, p < 0.001) and the effect of sex was 
most pronounced during the first session of the initial test. Analyzing the stability of impulsive 
action with ANCOVA revealed that a rat’s impulsive action at retest was influenced by its level 
of impulsive action during the initial test (F1,170 = 31.1, p < 0.001). The relationship between test 
and retest behavior was affected by interactions with sex (F1,170 = 4.76, p = 0.031) and age of 
first test (F1,170 = 6.87, p = 0.010). Further investigation of these interactions, using pre-planned 
comparisons to measure stability within each group, revealed that impulsive action was stable 
from adolescent test to adult retest in females (Fig. 2c; R2 = 0.197, p = 0.001) but not in males 
(Fig. 2d; R2 = 0.037, p = 0.249). In rats first tested as adults, however, impulsive action was 
stable from test to retest in both females (Fig. 2e; R2 = 0.400, p < 0.001) and males (Fig. 5.2f; R2 
= 0.247, p = 0.001).  
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 In the same manner, we next analyzed the stability of impulsive choice from an initial test 
to a retest 50 days later. During delay discounting sessions, rats first tested as adolescents (Fig. 
5.3a) increased their preference for the small, immediate reward as delay increased (F4,348 = 
255.72, p < 0.001), but this was unaffected by retest or sex. Rats first tested as adults (Fig. 5.3b) 
also shifted their preference as delay increased (Fig. 5.3b; F4,348 = 271, p < 0.001), but these rats 
also had lower levels of impulsive choice (i.e., less preference for the small reward) during the 
retest sessions (F1,87 = 20.74, p < 0.001). Analyzing the stability of impulsive choice with 
ANCOVA revealed that impulsive choice at retest was influenced by an individual’s level of 
impulsive choice during the initial test (Fig. 5.3c-f; F1,170 = 28.7, p < 0.001), but there were no 
interactions to suggest that this stability was related to either sex or the age-of-first-test.  
 Ethanol consumption (Fig. 5.4a) was highest in females (F1,174 = 174, p < 0.001). 
Drinking increased across blocks of sessions (F2,348 = 13.3, p < 0.001) and there was an 
interaction between session block and sex (F2,348 = 4.82, p = 0.009), such that drinking increased 
across blocks in males only. Using ANCOVA to examine the relationship between overall 
average drinking and the average level of impulsive action, we found that drinking was 
influenced by sex (F1,170 = 28.1, p < 0.001), age of first test (F1,170 = 7.51, p = 0.007), and by an 
interaction between age of first test and the average level of impulsive action (F1,170 = 4.86, p = 
0.029). We explored this interaction by first examining drinking in rats with extremely high or 
low levels of impulsive action (Fig. 5.4b) and again found that drinking depended on both sex 
(F1,108 = 74.5, p < 0.001) and on the interaction between age-of-first test and impulsive action 
level (F1,108 = 3.98, p = 0.049), with a trend toward higher drinking among rats that were 
extremely impulsive during adolescence. Further investigation of this interaction using pre-
planned comparisons to measure the relationship between drinking and the entire continuum of 
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impulsivity revealed that adolescent impulsive action was significantly correlated with drinking 
for males (Fig. 5.4c; R2 = 0.157, p = 0.014) and there was a trend toward a modest correlation for 
females (Fig. 5.4d; R2 = 0.070, p = 0.061). There was no relationship between drinking and adult 
impulsive action for females (Fig. 5.4e; R2 = 0.002, p = 0.756) or males (Fig. 5.4f; R2 = 0.013, p 
= 0.473). There was no relationship between an individual’s level of impulsive choice and 
drinking (data not shown; all ps > 0.15). 
  Finally, we examined the relationship between dopamine D2R expression (Fig. 5.5a,b) 
and impulsivity using ANCOVA. We found that D2R expression was negatively associated with 
impulsive choice (F1,53 = 6.61, p = 0.013) and this relationship was mediated by an interaction 
with sex (F1,53 = 6.03, p = 0.017). We explored this interaction by first examining D2R 
expression in rats with extremely high or low levels of impulsive choice (Fig. 5.5b) and found 
that D2R expression was lower in rats with extremely high levels of impulsive choice (F1,30 = 
8.52, p = 0.007), but here there was no main effect or interactions with sex or age-of-first-test (ps 
> 0.25). We further investigated the ANCOVA interaction between sex and impulsivity level 
using pre-planned comparisons to measure the relationship between D2R and the entire 
continuum of impulsivity within each group. Here we found that impulsive choice was 
negatively correlated with D2R expression in females, whether first tested as adolescents (Fig. 
5.5c; R2 = 0.474, p = 0.013) or as adults (Fig. 5.5e; R2 = 0.415, p = 0.007). However, there was 
no relationship between impulsive choice and D2R expression in males first tested as adolescents 
(Fig. 5.5d; R2 = 0.055, p = 0.349) or adults (Fig. 5.5f; R2 = 0.017, p = 0.649). There was also no 
relationship between impulsive action and D2R expression (data not shown; all ps > 0.15). 
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Discussion  
 In this longitudinal study, we sought to establish whether adolescent impulsivity could be 
used to predict impulsivity and drinking during adulthood. Though impulsivity is thought to be a 
key risk factor for mental health issues that emerge during adolescence (Kreek et al., 2005; Perry 
and Carroll, 2008; Fox et al., 2010; Dalley et al., 2011), few studies have investigated whether 
impulsivity remains stable as brain and behavior mature. It is hypothesized that the immature 
state of the PFC during adolescent development is the reason that adolescents behave especially 
impulsively, but it is unclear if individual differences persist as impulsiveness decreases. 
Improving identification of vulnerable individuals during adolescence, before the onset of mental 
health issues or substance abuse, would greatly improve preventative efforts. However, to our 
knowledge only one rodent model has been developed to examine impulsivity from adolescence 
to adulthood (McClure et al., 2014). Moreover, current rodent models of impulsivity typically 
focus on only one aspect of impulsivity, ignoring the multifaceted nature of the personality trait. 
Therefore we developed the action-choice task to rapidly and reliably model two aspects of 
impulsivity during both adolescence and adulthood.   
 It has been suggested that the PFC is less able to exert top-down control over behavior 
during adolescence, with behavior maturing and becoming more controlled as the PFC develops 
and matures (Ernst et al., 2009). In line with this notion, when we compared rats who began 
training during adolescence to their adult counterparts we found that adolescent rats were less 
able to control the tendency to lever press during the ITI. Thus it would appear that adolescents 
have higher levels of impulsive action, relative to adults. This is line with another study 
conducted with similar methods, where adolescents of both sexes had higher levels of premature 
responding relative to adults (Burton and Fletcher, 2012). Taken together, these studies lend 
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support to the notion that there is a deficit in inhibitory control during adolescence. However, we 
did not find any evidence for an age difference in impulsive choice. Thus it would seem that 
impulsive action, but not impulsive choice, is elevated during adolescence.  
Although the interaction between age and sex on impulsive action did not reach 
significance, it would appear that there is a greater reduction in impulsive action for males. By 
adulthood females actually have higher levels of premature responding, relative to males. This 
finding contrasts with the human research (Shulman et al., 2014) and with a previous study from 
our lab (Hammerslag et al., 2014). We believe that a key change in our lab’s behavioral design 
may have been principally responsible for these radically different findings: in the previous study 
we used a method of food restriction that led to a 15% reduction in bodyweight within the first 7 
days of training. This method of food restriction was also used in another study demonstrating 
higher levels of impulsivity in males (Bayless et al., 2012). In the current study rats simply had 
limited access to food and lost no weight. Our results are consistent with another study using the 
same approach, limiting access to food, to motivate responding (Burton and Fletcher, 2012). 
Interestingly, the results of the aforementioned study also support the notion that the reduction in 
premature responding from adolescence to adulthood may be greater in males versus females. 
Meanwhile, studies using the weight loss approach to food restriction have found large effects of 
age on impulsive choice, whereas we found no effect of age on impulsive choice in this study 
(Doremus-Fitzwater et al., 2012; Lukkes et al., 2015). Thus, the effects of food restriction on age 
and sex differences in behavior must be carefully considered. It is not yet clear which approach 
to motivating behavior is a better model of human behavior, though we would argue that 
impulsivity driven by weight loss may be more representative of rats being in a state of high 
impulsivity, rather than expressing higher levels of impulsivity as a trait. However, if this was 
72 
 
true we would have expected our results to be consistent with the human literature, whereas a 
study looking at self-reported impulsivity found that adolescent males were more impulsive than 
females (Shulman et al., 2014). Our results would suggest that the innate tendency to respond 
prematurely, the trait of impulsive action, may decrease more from adolescence to adulthood for 
males than for females while there are no such effects of age or sex on impulsive choice. Given 
the conflicting reports between our studies and the wider rodent and human literature it is clear 
that more research is necessary to characterize age and sex differences in impulsivity.  
The process by which inhibitory control increases during adolescent development, 
leading to decreasing levels of impulsive action, may be influenced by mesocorticolimbic 
development. In this study, we found that impulsive action was not stable during development in 
males – highly impulsive adolescents did not necessarily exhibit high levels of impulsivity 
relative to their peers during adulthood. In contrast, impulsive action was stable across 
development for females. Males and females differ in mesocorticolimbic development, with 
females having a greater reduction in PFC neurons (Willing and Juraska, 2015) while males have 
more overproduction and pruning of dopamine D1 receptor (D1R) and D2R in the dorsal striatum 
and nucleus accumbens (NAc; Andersen et al, 1997). If our findings are related to these 
developmental processes then it may be that males have less stability of impulsive action because 
of the overproduction and pruning of dopamine receptors in the striatum and NAc. It is also 
possible that the stability of impulsive action was disrupted because males were undergoing 
puberty. Impulsive action was tested from P42 to 45. The onset of puberty tends to occur around 
P45 for male rats, while it is much earlier (P35) in their female counterparts (Drzewiecki et al., 
2016).  However, impulsive choice was tested from P46-50 and was stable from adolescence to 
adulthood for both males and females, consistent with another study in both sexes (McClure et 
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al., 2014). A recent study examining the role of dopamine receptor mRNA on both action and 
choice found that NAc dopamine receptor mRNA, assessed with in situ hybridization, is 
associated with impulsive action but not with impulsive choice (Simon et al., 2013), while males 
are experiencing larger changes in dopamine receptor density within the NAc during adolescence 
(Andersen et al., 1997). Thus it may be that sex differences in the maturation of dopamine 
receptors within the ventral striatum, rather than sex differences in PFC neuronal pruning, are 
driving the subtype- and sex-specific effects of development on impulsivity. 
Although PFC dopamine receptor mRNA is thought to be associated with both impulsive 
action and impulsive choice (Simon et al., 2013), we found that PFC D2R expression was related 
only to impulsive choice. Another study looking at evoked dopamine release found that high 
levels of impulsive choice were associated with less responsive dopamine terminals in the medial 
PFC, while there was no such relationship between impulsive action and dopamine release 
(Diergaarde et al., 2008). Therefore it may be that impulsive choice is associated with reduced 
functionality of the PFC dopamine system, as measured by evoked release and receptor protein 
expression, while impulsive action is simply associated with reduced mRNA. Interestingly, the 
relationship between impulsive choice and D2R expression was present whether rats were first 
tested during adolescence or adulthood, suggesting that this relationship persisted through the 
period of D2R pruning in the PFC (Andersen et al., 2000). Moreover, the relationship between 
delay discounting and D2R expression appears to be stronger in females. The reason for this sex 
difference is unclear and until more research is done on sex differences in PFC dopamine 
receptors it is difficult to speculate as to a cause. If  this sex difference is replicated in humans, 
with impulsive choice being more strongly related to PFC D2R function in females, then we may 
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need to consider the role of sex differences when examining D2R function and impulsivity as 
factors in drug abuse vulnerability (Volkow et al., 2006, 2009).  
In this study we were able to demonstrate a relationship between an adolescent 
measurement of impulsivity and the initiation of ethanol drinking in adulthood. We have 
previously hypothesized that drinking is more strongly related to impulsivity in males 
(Hammerslag and Gulley, 2016), while anxiety may be a better predictor of drinking for females 
(Varlinskaya et al., 2015; Hammerslag and Gulley, 2016). In this study the relationship between 
impulsive action and drinking was significant only in males, however there was also a trend 
toward the same relationship in females and so it is difficult to conclude whether this sex 
difference is meaningful. A recent study in humans found that impulsivity predicted AUDIT 
score for males, through an interaction with positive alcohol expectancy, but that there was no 
effect of impulsivity on this index of problem drinking in females (Ide et al., 2017). When we 
first assessed impulsivity during adulthood, instead of adolescence, we were unable to 
demonstrate any relationship between impulsive action and drinking. To our knowledge this 
study is the first to look for any such correlation, though other studies have found that impulsive 
action predicts cocaine and nicotine self-administration (Dalley et al., 2007; Diergaarde et al., 
2008). Previous studies have examined the connection between impulsive choice and ethanol 
drinking, however, with mixed results. One study, using a non-traditional maze-based task, 
found higher levels of impulsive choice predicted greater drinking (Poulos et al., 1995). But a 
more recent operant study found no connection between impulsive choice and drinking 
(Diergaarde et al., 2012), consistent with the results of the current study. Though adolescent 
impulsivity may be a useful predictor of future alcohol consumption, it is impulsive action, and 
not impulsive choice, that seems to be the important factor in rats.  
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In summary, this study examined the stability of two facets of inhibitory control, 
impulsive action and choice. We found that males have less stability of impulsive action and that 
adolescents have greater levels of impulsive action relative to adults. Our results lend support to 
the notion that development within the mesocorticolimbic system mediates the increases in 
impulse control that accompany the transition to adulthood. Future studies should investigate 
whether it is the development of ventral striatal dopamine receptors that is key to sex and age 
differences in impulsive action, as we hypothesize here. Meanwhile, impulsive choice was 
relatively unaffected by sex and did not seem to change as rats grew from adolescence to 
adulthood. Indeed, dopamine D2R expression in the PFC seems to have long-lasting ties to 
impulsive choice. This suggests that the relationship between D2R and delay discounting, as well 
as each individual’s relative level of impulsive choice, is unchanged by the process of adolescent 
development. Although impulsive choice seems to be the most stable measure of impulsivity 
across development, it should be noted that impulsive action was the most strongly correlated 
with drinking later in life. Thus it may be that adolescent impulsive action is a useful measure for 
predicting future drug use vulnerability but is less useful for predicting future levels of 
impulsivity. The results of this study demonstrate the extent to which the development of 
impulsivity is influenced by sex, subtype, and even study design factors like food restriction. 
Future studies of age and sex differences should take these considerations into account in order 
to improve our models of impulsivity and related disorders, such as ADHD and addiction.  
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Figures 
 
Figure 5.1: Task details and age differences in impulsive action. Training sequence for the 
action-choice task (A, top) and timeline for each component of the experiments in this paper (A, 
bottom) for rats first tested as adolescents or as adults. Responding during the ITI period of the 
basic task sessions (B, right) and premature responding during the ITI and timeout periods of 
impulsive action sessions (B, left) during the initial impulsivity testing period, during 
adolescence or adulthood. Normalized premature responses during only the impulsive action test 
sessions(C). +++p < 0.001 adults vs adolescents; ^^^p < 0.001 females vs males; @@@p < 0.001 
adult females vs adult males; ###p < 0.001 adult test females vs adolescent test females  
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Figure 5.2: Impulsive action stability. Impulsive action in rats first tested as adolescents (A) or 
adults (B). Stability of impulsive action from test to retest in females and males first tested as 
adolescents (C, D; n = 51, 38) or adults (E, F; n = 47, 42), a solid line indicates a significant 
correlation. *p < 0.05, *** p < 0.001 test vs retest; ^^^p < 0.001 females vs males 
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Figure 5.3: Impulsive choice stability. Impulsive choice in rats first tested as adolescents (A) or 
adults (B). Stability of impulsive choice from test to retest in females and males first tested as 
adolescents (C, D; n = 51, 38) or adults (E, F; n = 47, 42), a solid line indicates a significant 
correlation. ***p < 0.001 vs retest 
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Figure 5.4: Drinking and impulsive action. Drinking in males and females first tested as 
adolescents or adults (A). Drinking levels for rats classified as having high (≥ 66th percentile) or 
low (≤ 33rd percentile) levels of impulsive action based on behavior during adolescence (B, left) 
or adulthood (B, right). The relationship between drinking and premature responding is shown 
for rats first tested as adolescents (C,D; n = 51, 38) or adults (E,F; n = 47, 42); a solid line 
indicates a significant correlation while a dotted line indicates a correlation with p = 0.061. ^^^p < 
0.001 females vs males, ***p < 0.001 vs block 1 in males, #p = 0.067 low vs high impulsive 
action 
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Figure 5.5: Prelimbic D2R expression and impulsive choice. Representative samples from one 
gel (A) for the control (far left) and each of the groups (left to right: adolescent test females and 
males, adult test females and males). Relative D2R expression [(D2R /Vinculin)/(Control D2R 
/Control Vinculin)] for rats classified as having high (>75th percentile) or low (<25th percentile) 
levels of impulsive choice based on behavior during adolescence (B, left) or adulthood (B, right). 
Correlation between D2R expression and impulsive choice in females and males first tested as 
adolescents (C, D; n = 12, 18) or adults (E, F; n = 16, 15), a solid line indicates a significant 
correlation. **p < 0.01 low impulsive choice vs high impulsive choice  
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CHAPTER 6: ORBITOFRONTAL CORTEX ACTIVITY DURING REWARD 
DEVALUATION: EFFECTS OF ADOLESCENT AMPHETAMINE EXPOSURE AND 
SEX ON EVENT-RELATED MODULATION 
Introduction 
Over time, drug use becomes more habitual, rather than goal-directed, so that changes in 
drug value have little effect on drug seeking (Zapata et al., 2010; Corbit et al., 2012). Rapid 
development of habitual behavior is associated with vulnerability to poor decision making. This 
may, in turn, increase vulnerability to transition from drug experimentation to abuse. It is not 
simply the act of taking the drug that becomes habitual, however: animals that have been 
exposed to cocaine or amphetamine (AMPH) exhibit more rapid development of habitual food 
seeking (Nelson and Killcross, 2006; Nordquist et al., 2007; LeBlanc et al., 2013; Corbit et al., 
2014) and experience deficits in adapting to new information about reward contingencies and 
value (Lucantonio et al., 2014). It is thought that these behavioral changes may correspond to a 
shift in the balance between regions involved in maintaining goal directed behavior (e.g., OFC 
and dorsomedial striatum) and the dorsolateral striatum, which appears to facilitate the formation 
of habit (Corbit et al., 2012; Lingawi and Balleine, 2012; Gremel and Costa, 2013; Lucantonio et 
al., 2014).  
Because there is competition between these regions, and competition between goal-
directed and habitual processes, a change in just one region may be sufficient to shift the balance 
toward one behavioral extreme. Indeed, there is some evidence suggesting that changes in the 
OFC alone may explain some of the effects of stimulant exposure.  For example, cocaine-
induced deficits in reversal learning are driven by alterations in the input from the OFC to the 
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basolateral amygdala (BLA), in the absence of changes to striatal signaling (Stalnaker, 
Takahashi, Roesch, & Schoenbaum, 2009). In addition, it has been shown that modulation of the 
OFC, but not of the dorsolateral striatum, predicts the sensitivity to outcome devaluation 
(Gremel & Costa, 2013). Though the behavior of drug-exposed rats resembles that of OFC-
lesioned rats (Lucantonio et al., 2014), it is unlikely that the observed behavioral deficits result 
from a simple reduction in OFC activity. For example, cocaine-exposed animals are able to 
distinguish between outcomes, but the neurons that fire in anticipation of a given outcome fail to 
show any specificity for the cue associated with that outcome (Stalnaker et al., 2007). Thus, 
psychostimulant exposure may alter the OFC’s ability to store information about value 
expectancy required for goal-directed behavior.  
Adolescent exposure to AMPH may lead to greater OFC disruption, and thus more habit 
formation, relative to adult exposure. Our lab has previously demonstrated that adolescent males 
are more sensitive than adult males to AMPH’s effects on impulsivity (Hammerslag et al., 2014), 
working memory (Sherrill et al., 2013), and behavioral flexibility (Hankosky et al., 2013). 
However, in at least one study we found that adolescent exposure to AMPH had no effect 
whatsoever in females (Hammerslag et al., 2014). Therefore the effects of AMPH on habit 
formation and habit-related OFC activity may be age- and sex-dependent. While it is important 
to understand how sex affects the response to adolescent AMPH exposure, it is also important to 
determine if there are sex differences in OFC activity during a habit task. We have previously 
demonstrated that females are less sensitive to males to outcome devaluation and extinction 
(Hammerslag and Gulley, 2013) but to our knowledge no one has ever examined whether there 
were sex differences in reward circuit activity during a reward task in control animals.  
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The goal of the present study was to determine whether exposure to AMPH during 
adolescence would lead to sex-dependent impairments in an OFC-sensitive task, outcome 
devaluation. We also wanted to know whether those impairments would be associated with 
changes in task-related OFC activity. We have previously demonstrated that AMPH increases 
impulsivity in a sex and age-of-exposure specific fashion (Hammerslag et al., 2014). Therefore 
we hypothesize that males will have greater habit formation following adolescent AMPH 
exposure, while females will be relatively unaffected. We further hypothesize that the effects of 
sex and AMPH exposure on habit formation will be associated with changes in event-related 
OFC modulation during task performance.  
Methods 
Subjects 
Male and female Sprague-Dawley rats, which were born in our animal facility from 
breeders initially obtained from Harlan (Indianapolis, IN, USA) were used in these experiments. 
Rats were weaned at postnatal day (P) 22 and housed with same-sex littermates in groups of 2-3 
per cage in for the duration of the experiment, or until they had undergone electrode implantation 
surgery. Litters were culled to a maximum of 12 rats at or before P10. Rats were kept on a 12 h 
reverse light/dark cycle (lights off at 0900 h) in a temperature controlled room and food and 
water were available ad libitum until the start of behavioral testing. All food was removed from 
home cages at least 30 min after the start of the dark cycle, which was 2-4 h prior to the start of 
daily operant sessions. During this time, rats that had undergone electrode implantation surgery 
were paired with the littermates they had been housed with prior to surgery. This temporary 
group housing was done to mitigate the impact of the isolation housing that was necessary to 
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protect the implanted electrodes from potential damage that might occur if rats remained group 
housed at all times. Experimental procedures, which were conducted between 1100 and 1800 h, 
were approved by the Institutional Animal Care and Use Committee at the University of Illinois, 
Urbana-Champaign and were consistent with the Guide for the Care and Use of Laboratory 
Animals (National Research Council, 2011).  
Rats were exposed to either saline or 3.0 mg/kg d-AMPH sulfate (Sigma, St. Louis, MO, 
USA) via intraperitoneal injections (1ml/kg) every other day during adolescence, from P27 to 
P55, for a total of 15 injections. All rats in a cage received the same treatment and in each litter 
there were 1 to 2 cages (2-4 rats) for each treatment condition and sex combination. In each 
litter, one rat per sex and treatment was designated, before the start of injections, to eventually 
undergo electrode implantation surgery. These rats will be referred to as “electrophysiology 
rats”. The remaining rats in each litter, often the roommates of the aforementioned surgery rats, 
did not undergo surgery but instead received an additional set of outcome devaluation tests. 
These will be referred to as “behavior-only” rats.  
Apparatus 
 Behavioral training was conducted in standard operant chambers (Coulbourn Instruments, 
Allentown, PA, US) in two rooms. The room used for behavior-only rats contained twelve 
operant chambers located within sound attenuating cubicles. These chambers were equipped with 
a food trough in the center of the front wall. This trough contained a white cue light and 
dispensed 0.04 ml of liquid via extension of a dipper cup. The trough was also equipped with a 
photobeam detector to record trough entries. Retractable levers were located to the left and right 
of the magazine and a white cue light was located directly above each lever. A white houselight 
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was located near the chamber ceiling on the back wall. Sessions were recorded and analyzed 
using Graphic State software (V3.1 and V4; Coulbourn Instruments). The room used for 
electrophysiology rats contained one operant chamber located within a large Faraday cage. The 
configuration of this chamber differed from the behavior-only chambers: instead of a dipper cup 
food was dispensed via a sipper tube connected to an automated pump and the house light was 
located on the front wall, above the sipper tube. The sipper tube was also equipped with a 
photobeam detector, but in this case the detector was configured to record each lick of the sipper 
tube. As in the behavior-only chamber, there were two retractable levers located on either side of 
the sipper tube with white cue lights mounted above each lever. A video camera and a 
multichannel commutator connected to a headstage cable were mounted above the chamber. 
During pre-training, an opaque piece of white acrylic was used as a ceiling, blocking access to 
the headstage cable and commutator. After electrode implantation surgery, the ceiling was 
removed and rats were connected to the swiveling commutator via the lightweight headstage 
cable to allow free movement.  
During each electrophysiological recording the camera recorded video via a computer 
running CinePlex (Plexon Inc, Dallas, TX, US) while signals from the electrode wires were 
amplified by a unity gain field effect preamplifier connected to the multichannel commutator. 
From the pre-amplifier the signals passed to a Multichannel Acquisition Processor (MAP) 
system where they were digitized (40kHz sampling rate) and sent to a computer running Sort 
Client (Plexon). In Sort Client a low pass filter was applied and spike activity from each of the 8 
channels (corresponding to 8 electrode wires) was separated from background. To accomplish 
this one channel without any neural activity was designated as the reference channel using Ref2 
(Plexon). The gain was manually re-adjusted on a per-channel basis and a waveform amplitude 
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threshold of at least 2.5 standard deviations (SDs) above the noise was used to filter out obvious 
noise waveforms. Waveform template matching, clustering algorithms and principle component 
analysis were used to optimize online discrimination. This procedure was performed before 
every recording session and during this time, access to the front wall of the operant chamber and 
sipper tube was blocked via insertion of a temporary cover. Offline Sorter (Plexon) was used as 
necessary following the conclusion of recording sessions to improve these discriminations by 
removing obvious noise-induced waveforms and to refine clustering.  
Behavioral training 
 Pre-training began at P85 for behavior-only rats and between P85 and P100 for 
electrophysiology rats. The protracted start time for the latter group was required due to the 
specialized equipment and extra time commitment for combining recordings and behavioral 
assessment. During the three days of pre-training, rats were habituated to the process of limited 
food access and were introduced to the reinforcers used throughout the study, which were 
chocolate and vanilla flavored Ensure (Ensure Original Therapeutic Nutrition, Item # 57231 and 
57243, Abbott Nutrition). During two daily pre-exposure sessions behavior-only and 
electrophysiology rats were transferred to individual cages in a “pre-exposure” room, where they 
received 30 min of access to a sipper tube containing 2 ml of one flavor of Ensure, followed by 
30 min of access to a different sipper tube containing 2 ml of the other flavor. During the first 
pre-exposure session all rats received vanilla first, while all rats received chocolate first on the 
second pre-exposure session.  Rats were then randomly assigned to receive one flavor of Ensure 
as the reinforcer for all subsequent sessions.  
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 Training began with one session of magazine training where they learned to obtain their 
assigned reinforcer from either the dipper cup (in behavior-only chambers) or the sipper tube (in 
the electrophysiology chamber). Each magazine training session began with an intertrial interval 
(ITI) period that lasted 60 s on average (15-105 s) and was followed by reinforcer delivery. For 
behavior-only rats, this consisted of the dipper cup extending into the trough while the cue light 
within the trough was illuminated. After rats entered the trough they had 5 s to consume the 
reinforcer. After 5 s the dipper cup was retracted, the magazine light was extinguished, and the 
next trial’s ITI period began. For electrophysiology rats, reinforcer delivery was signaled by the 
illumination of the house light located above the sipper tube. After rats licked the sipper tube the 
pump attached to the tube would run for 5 s, delivering a total of 0.6 ml of the reinforcer, then 
the houselight would extinguish and the next trial would start. For every reward delivery, if rats 
didn’t enter the trough or lick the sipper tube within 60 s the trial was scored as a reward 
omission and the next trial’s ITI phase began. Magazine training sessions consisted of 30 of 
these trials.  
 Next, each rat was assigned to use either the left or right lever and rats began lever-press 
training starting with two sessions of autoshaping. Autoshaping sessions began with the 
extension of the assigned lever and the illumination of the cue light above the lever. If a rat 
pressed the lever then the lever would retract, the light above the lever would be extinguished, 
they would receive reinforcer delivery as previously described, and the next trial would start. If a 
rat did not press the lever then after approximately 60 s on average (15-105 s) the lever would 
retract, the cue light above the lever would extinguish, and they would automatically receive 
reinforcer delivery. Autoshaping sessions ended after rats pressed the lever 25 times or after 30 
m. After completing two daily sessions of autoshaping rats moved on to two sessions of lever 
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press training. Lever press training sessions were identical to autoshaping sessions in all aspects 
except that there was no automatic reinforcer delivery, rats could only earn reinforcement by 
pressing the lever. If a rat made fewer than 10 lever presses during the lever press training 
sessions then they received a session of handshaping later that afternoon. During handshaping 
sessions experimenters monitored rats and, using a trigger, manually triggered reinforcer 
delivery for successive approximations of the lever press behavior. Rats that had not learned to 
lever press by the second lever press training session received up to two more sessions of lever 
press training and handshaping before they were excluded from the study (n = 2 
electrophysiology rats).  
Surgery 
 After lever press training, electrophysiology rats received implantation of fixed electrode 
microwires (2x4 array; 50-µm Teflon-coated stainless steel) aimed at the left lateral OFC (+3.0-
+4.0AP, +2.5ML, and -4.5DV). Anesthesia was induced with 90 mg/kg ketamine and 10 mg/kg 
xylazine, given intraperitoneally at a volume of 1 ml/kg, along with a subcutaneous injection of 
carprofen (5.0mg/kg, 1 ml/kg). During surgery, anesthesia was maintained with 0.25-1.5% 
isoflurane at a flow rate of 1 L/min. Standard electrode implantation procedures were used. 
Briefly, an incision was made on the scalp and dura and fascia were spread apart and held open 
with clips. Tissue was cleared from the scalp and we assessed that the plane of the head was 
level by ensuring that the DV measurements of bregma and lambda were within 1.0mm of each 
other. Next we drilled two pilot divots for the craniotomy to implant the electrode (+3.0 and 
+4.0AP, +2.5ML) and a pilot divot for the craniotomy to implant the ground wire (+3.5AP, -
2.5ML). While drilling, care was taken to avoid heating the tissue by keeping the drilling site 
moist with 0.9% saline and by drilling for no more than 5 s at a time. Pilot divots were then 
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drilled posterior to bregma, to a depth of 0.3-0.5 mm, and four self-tapping screws 
(B000FN89DM, Small Parts Inc., Logansport, IN, US) were installed to anchor the headcap. We 
then finished drilling the holes for the craniotomies, joining the two pilot holes at +3.0 and 
+4.0AP to form a craniotomy that was approximately 1mm long. For each of the two 
craniotomies, a bent 18G needle was used to first cut away any remaining bone and then to cut 
and remove the dura mater, exposing the brain below. The electrode (NB Labs, Dennison, TX) 
was lowered to a depth of 4.5 mm from the top of the skull. Once the electrode met the brain 
tissue it was lowered at a rate of approximately 0.1 mm per min. The implanted electrode was 
initially secured with a small amount of dental acrylic (Teets “Cold Cure” Denture Material, Co-
Oral-Ite) on only the left side of scalp, so that the craniotomy for the ground wire was not 
covered. After the acrylic securing the electrode had hardened, the ground wire was wrapped 
around two screws and implanted into the exposed craniotomy before the rest of the headcap was 
sculpted from acrylic.  
After five recovery days, rats received a habituation and lever press re-training session. 
During this session they were first allowed 30 min to habituate to the process they would 
undergo before each recording session. The headstage cable was plugged in, access to the wall 
with the sipper tube was blocked by the removable wall, and rats could hear the sound of the 
neural activity from the MAP system. After 30 min, the front wall of the chamber was uncovered 
and rats received a handshaping session, where after approximately 10 min without a lever press 
they were reinforced for successive approximations of the lever press. This handsphaping 
procedure was needed because the process of electrode implantation surgery and/or the 
electrophysiological recording process seemed to depress lever press behavior relative to pre-
surgical levels. Once rats reestablished normal lever pressing behavior they moved on to the 
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outcome devaluation task. One rat that never reestablished lever pressing behavior was excluded 
from the study.  
Random interval training and outcome devaluation testing 
 The day after completing lever press training (behavior-only) or habituation and 
retraining (electrophysiology) rats moved on to the outcome devaluation task. For this task rats 
first learned to respond under a random interval 30 schedule of reinforcement (RI-30) during 
daily RI-30 sessions consisting of 60 trials per session. At the start of each trial the lever was 
extended into the chamber, as it was during lever press training, but responses on the lever did 
not lead to reinforcer delivery (described previously) until the lever became active after 
approximately 30 s on average (1-59 s). This method of training, where there are no cues 
available to signal if the lever is active, was chosen in order to increase the rate of lever pressing 
and eventually lead to the formation of habitual behavior as demonstrated previously (Gremel 
and Costa, 2013; Corbit et al., 2014).  
The first outcome devaluation (OD) test was conducted the day after rats had completed 
three daily RI-30 sessions. Before each OD test we used sensory specific satiety to manipulate 
the value of the reinforcer associated with the lever press response. Prior to the start of the OD 
test rats received 60 m of ad libitum access to a sipper tube bottle containing one flavor of 
Ensure before going into a 10 min extinction test. The OD extinction test was identical to the RI-
30 sessions, except that reinforcer was not available during reinforcer delivery (the dipper cup 
wasn’t presented or the pump didn’t run) and the session ended after 10 min. If the Ensure given 
prior to the OD test was the same flavor as the reinforcer that the rat had earned during the 
course of the session then the reinforcer was said to be “devalued” by this pre-exposure process. 
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For example, chocolate Ensure would be devalued as a reinforcer if a rat had had ad libitum 
access to chocolate Ensure prior to the start of the OD test session. However, if the flavor given 
during the pre-exposure period was different from the reinforcer flavor then the reinforcer’s 
value should be relatively intact. For example, chocolate Ensure would still be “valued” as a 
reinforcer if a rat had ad libitum access to vanilla Ensure prior to the start of the session. Within 
each group we counterbalanced whether the reinforcer was “valued” or “devalued” during the 
first OD test.  
After the first OD test rats received an additional session of RI-30 training before 
completing the second OD test. During this test, rats received ad libitum access to whichever 
flavor they had not received during the first OD test. This process was competed a second time 
for behavior-only rats as they received two additional RI-30 training sessions and then a second 
set of OD tests with the opposite order of testing (e.g., valued first during set 1, devalued first 
during set 2). After each OD test session, the effects of ad libitum access to the pre-exposed 
flavor were assessed with a 15 min choice test wherein rats had access to both flavors of Ensure.  
Electrophysiological Recordings 
 Recordings were obtained during each RI-30 and OD session for electrophysiology rats. 
Prior to each recording, rats were placed in the operant chamber with the headstage cable 
plugged in and access to the sipper tube blocked by the removable wall. Putative neurons were 
discriminated online using Sort Client, as previously described. After neural discrimination we 
recorded 4.5 min of baseline activity. For RI-30 sessions, the front wall was then uncovered and 
the behavioral session was started 5 min into the recording. For OD sessions the rat was removed 
from the chamber after the first 5 min baseline recording was obtained. The rat was then given 
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60 min of access to Ensure, as described previously, before being returned to the operant 
chamber. A second baseline recording (1-5 min in length) was obtained before the start of the 
OD extinction test.  
Histology 
 Electrode placement was verified for all channels with putative neural signals. Rats were 
deeply anesthetized with 195 mg/kg of pentobarbital (Euthasol) and then several seconds of 
current (44V, 9Hz, DC) was passed through any electrodes on which unit activity was recorded. 
Rats were then transcardially perfused with 50 mL of 0.9% saline followed by 50 mL of 5% 
potassium ferrocyanide in 4% formalin solution. Brains were removed and stored in 4% formalin 
until they were sliced. Slices were collected in order to record the placement of the electrode 
tracts and the sites of the tips of each active electrode, which were stained blue by the potassium 
ferrocyanide interacting with metal deposits left by passing current through the channels before 
perfusion.  
Data Analysis 
Our primary behavioral measures were lever presses and either trough entries (behavior-
only rats) or licks (electrophysiology rats). For RI-30 sessions each of these measures was 
analyzed using a three-way ANOVA with sex and treatment as between-subjects factors and 
session as the within subjects factor. For OD sessions, each measure was analyzed for behavior-
only rats using a four-way ANOVA, with sex and treatment as between-subjects factors and test 
set and value as within-subjects factors. A three-way ANOVA was used to analyze outcome 
devaluation during a single test set for both electrophysiology and behavior-only rats, with sex 
and treatment as between-subjects factors and value as the within-subjects factor. A difference 
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score was calculated for each rat’s outcome devaluation performance (e.g., Δ lever presses = 
devalued lever presses – valued lever presses). Group differences in these scores were examined 
in the same way as the other behavioral measures except that there was no within-subjects 
“value” factor. Additionally, devaluation for each group was confirmed using one-sample T-tests 
to evaluate if each group’s score differed from the null hypothesis of no difference between the 
valued and devalued sessions (Δ = 0). 
Single-unit activity was analyzed using the methods described by Gremel and Costa 
(2013). Briefly, the activity of putative pyramidal neurons (firing rate ≤ 10Hz) was categorized 
as “lever press related” or “lick related” if activity during the 2 sec before and after each of these 
events differed significantly from the 4.5 min baseline period. If there was an increase or 
decrease in activity (i.e., above or below 99% confidence interval of baseline mean) across 20 
consecutive 20µs bins the neuron was considered event-related and was included in the relevant 
analyses. For each event-related neuron we computed the rate modulation by calculating the 
average absolute difference from baseline during the 20+ consecutive bins of up- or down-
modulation. Baseline firing rate and event-related firing were analyzed using three-way ANOVA 
sessions, with sex and treatment as between-subjects factors and session or value as the within-
subjects factor. We also examined the relationship between event-related firing and sensitivity to 
OD by looking at the relationship between event-related modulation and OD performance as 
measured by the associated difference score (e.g., lever press-related modulation vs Δ lever 
presses). Because rats had very low levels of lever pressing and licking during OD test sessions 
we opted to focus on event-related modulation on RI-30 session 1, when the level of event-
related activity seemed to be the most different between saline and amphetamine-exposed rats. 
For each behavior a three-way ANCOVA was used to analyze the relationship between event-
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related modulation on RI-30 session 1 and the OD difference score for that behavior, with 
treatment and sex as the between-subjects factor and Δ lever presses or Δ licks as the continuous 
variable.  
All analyses were conducted in SAS 9.4 using PROC GLIMMIX. For all analyses 
involving neural recordings we nested our analyses of neurons within the same rat by including 
“subject” as a random factor in each model (Moen et al., 2016). Alpha level was set at 0.05 and 
significant interactions were further investigated within SAS using Tukey HSD post-hoc tests. In 
order to maintain the within-subject nesting of multiple neural signals, significant interactions 
with the continuous variable in ANCOVA were explored within each group using PROC 
GLIMMIX; because a traditional correlational analysis wasn’t performed we were unable to 
obtain R2 values from these post-hoc tests.  
Results 
Behavior 
 Rats increased their level of lever press responding across RI-30 sessions (Fig 6.1a) as 
revealed by three-way ANOVA (F6,300 = 4.78, p < 0.001). Females maintained higher levels of 
lever pressing across sessions (F1,50 = 33.9, p < 0.001), but there was no effect of amphetamine 
exposure on this measure. Trough entries similarly increased across RI-30 sessions (Fig 6.1b; 
F6,300 = 2.92, p = 0.009), though for trough entries the effect of sex interacted with treatment 
(F1,50 = 5.57, p = 0.022). This interaction was driven by high levels of trough entries in 
amphetamine-exposed males, relative to their control counterparts and by higher levels of trough 
entries in control females relative to control males.  
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 During the outcome devaluation tests lever pressing (Fig. 6.2a and 6.2c) was influenced 
by sex (F1,50 = 27.4, p < 0.001), value of the reinforcer (F1,50 = 6.28, p = 0.016) and the 
interaction between sex and value (F1,50 = 7.9, p = 0.007). Females responded more frequently 
during both the valued and devalued tests. There was a trend toward a significant interaction 
between test set and value (F1,50 = 3.58, p = 0.064), such that there was stronger outcome 
devaluation during the first test set (Fig. 6.2a) relative to the second test set (Fig. 6.2c). This may 
have been strongest in females, as only females displayed a significant reduction in lever 
pressing during the devalued session, relative to the valued session, of test set 1 (Fig. 6.2a), but 
not during test set 2 (Fig. 6.2c). This was supported by follow-up three-way ANOVA within 
each test set, where we found that performance during test set 1 was affected by sex (F1,50 = 20.5, 
p < 0.001), value (F1,50 = 16.7, p < 0.001) and an interaction between sex and value (F1,50 = 6.25, 
p = 0.016). Performance during test 2 was affected only by sex (F1,50 = 13.2, p < 0.001). Trough 
entries during outcome devaluation sessions (Fig. 6.2b and 6.2d) were affected only by sex in the 
four-way ANOVA (F1,50 = 34.7, p < 0.001). Follow-up three-way ANOVA within each test set 
revealed significant effects of sex (F1,50 = 24.3, p < 0.001) and value (F1,50 = 4.82, p = 0.033) for 
test set 1 (Fig. 6.2b) but only an effect of sex (F1,50 = 19.2, p < 0.001) for test set 2 (Fig. 6.2d). 
When we measured the extent of outcome devaluation using a difference score we found that Δ 
lever presses (Fig. 6.2e) was affected by sex (F1,50 = 6.04, p = 0.018) and by test set (F1,50 = 4.15, 
p = 0.047), with lever pressing being more affected by devaluation in females and less affected 
during the second test set, as suggested previously. Follow-up t-tests of each group’s Δ lever 
press score during test set 1 suggested that there was significant evidence for devaluation in 
saline-exposed females (t13 = -1.89, p = 0.041), saline-exposed males (t11 = -1.99, p = 0.036), and 
amphetamine-exposed females (t13 = -3.54, p = 0.002). There was no evidence for significant 
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devaluation in amphetamine-exposed males (t13 = -0.15, p = 0.442), though in the absence of 
significant ANOVA interactions we cannot say with certainty that this represents an effect of 
treatment in males. During test set 2 there were no significant differences from chance 
performance (p = 0.13 to 0.91), suggesting insensitivity to devaluation during the second set of 
tests. There were no significant effects of sex or treatment on the Δ trough entry difference score 
(Fig. 6.2f), though there was a trend toward an effect of day (F1,50 = 3.02, p = 0.088).  
 For electrophysiology rats the effects of sex and treatment did not reach significance for 
RI-30 session lever presses (Fig. 6.3a) or licks (Fig. 6.3b). However, the three-way ANOVA did 
reveal a nonsignificant trend toward increased licking in females during RI-30 sessions (F1,17 = 
3.66, p = 0.073). During outcome devaluation tests there was an effect of sex on lever presses 
(Fig. 6.3c; F1,17 = 4.85, p = 0.042) and licks (Fig. 6.3d; F1,16 = 5.39, p = 0.034), but no effects of 
reinforcer value or treatment on either measure. When we measured devaluation using the 
difference score we found no effects of sex or treatment on Δ lever presses (Fig. 6.3e) or Δ licks 
(Fig. 6.3f). Follow-up t-tests revealed no significant differences from chance performance for 
any group.  
Neural activity 
 Only units recorded from electrodes terminating within the lateral OFC, as shown in Fig. 
6.4a, were included in the analyses. Baseline activity during RI-30 sessions (Fig. 6.4b) and OD 
sessions (Fig. 6.4c) was affected by session (F5,1287 = 4.9, p < 0.001) and by an interaction 
between treatment and session (F5,1287 = 3.48, p = 0.004). This interaction appeared to be driven 
by increased neural activity during RI-30 session 4, the session occurring between the two OD 
tests, in amphetamine-exposed rats (Fig. 6.4b). This elevation in RI-30 session 4 activity for 
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amphetamine-exposed rats resulted in no significant difference between RI-30 session 4 activity 
and OD test activity for amphetamine-exposed rats, while it was elevated in saline-exposed rats 
relative to that session (Fig. 6.4c). Although there appeared to be a relatively large sex difference 
in the baseline firing rate within the OFC, this effect failed to reach significance (F1,1287 = 3.25, p 
= 0.072).  
   Lever press-related modulation of neural activity during RI-30 sessions (Fig. 6.5a) and 
OD tests (Fig. 6.5b) was affected by session (F5,939 = 27.4, p < 0.001) and by a three-way sex by 
treatment by session interaction (F5,939 = 2.76, p = 0.017). There was also a trend toward an 
effect of treatment (F1,939 = 3.65, p = 0.056) on lever press-related activity. The three-way 
interaction was driven by the elevation in event-related activity during OD sessions, relative to 
RI-30 sessions. For saline-exposed females and amphetamine-exposed males and females there 
was elevated activity during the “valued” test relative to all RI-30 training sessions (all ps < 
0.01). Meanwhile, there was increased activity during the “devalued” test, relative to all RI-30 
training sessions (all ps < 0.05) for saline-exposed males and amphetamine-exposed females and 
males, but no difference among saline-exposed females. This seemed to be caused by the 
reduction in lever press-related modulation during the “devalued” test, relative to the “valued” 
test, for saline-exposed females only (Fig. 6.5b). Saline-exposed females also exhibited 
decreased modulation from RI-30 session 1 to RI-30 session 4 (Fig. 6.5a). Treatment also 
affected lever press-related activity, with saline exposed males exhibiting lower activity during 
the valued session, and females exhibiting lower activity during the devalued session, relative to 
their amphetamine-exposed counterparts (Fig 6.5b). Finally, saline-exposed males had lower 
levels of rate modulation, relative to females, during the valued session. However, there were 
very few lever-press related neurons for saline-exposed males (Table 6.2) because few rats in 
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this group made any lever presses at all during the OD tests, whereas there were enough lever 
press-related neurons in both groups of females (Table 6.1) and amphetamine-exposed males 
(Table 6.2) to conduct these analyses with some degree of power. Therefore the presence or 
absence of group differences in lever press-related activity involving saline-exposed males 
during OD tests should be interpreted with caution. 
 When we examined the relationship between our devaluation measure (Δ lever presses) 
and neural activity during RI-30 sessions we found that RI-30 session 1 lever press-related 
activity was negatively associated with Δ lever presses (F1,166 = 5.21, p = 0.024), so that greater 
RI-30 session 1 activity predicted more sensitivity to a change in reinforcer value. This 
relationship was mediated by interactions between the continuous variable and sex (F1,166 = 4.57, 
p = 0.034), treatment (F1,166 = 6.55, p = 0.011), and by a three-way interaction between the 
continuous variable, sex and treatment (F1,166 = 5.09, p = 0.025). Follow-up regression analyses 
revealed significant relationships between activity around licks and Δ lever presses for saline-
exposed females (Fig. 6.5c; F1,39 = 6.36, p = 0.016) and saline-exposed males (Fig. 6.5d; F1,31 = 
14.5, p < 0.001), but not for amphetamine-exposed females (Fig. 6.5e; F1,39 = 0.18, p = 0.68) or 
amphetamine-exposed males (Fig. 6.5f; F1,57 = 1.09, p = 0.301). There were no significant 
relationships between LP-related activity on other sessions and Δ lever presses (data not shown). 
 Lick-related modulation of neural activity during RI-30 sessions (Fig. 6.6a) and OD tests 
(Fig. 6.6b) was affected by session (F5,1159 = 47.8, p < 0.001). In addition, lick-related 
modulation was affected by a sex by session interaction (F5,1159 = 8.28, p < 0.001), a treatment by 
session interaction (F5,1159 = 3.86, p = 0.002) and by a three-way sex by treatment by session 
interaction (F5,1159 = 4.89, p < 0.001). The three-way interaction was driven by multiple factors. 
During RI-30 sessions saline-exposed females initially had high levels of lick-related activity 
99 
 
which decreased by the third session (Fig. 6.6a), but there was no effect of RI-30 session on 
activity in the other groups. The interaction was also driven by the elevation in lick-related 
activity during OD sessions, relative to RI-30 sessions. For saline-exposed males and 
amphetamine-exposed males and females there was elevated activity during both OD tests, 
relative to all RI-30 training sessions (all ps < 0.05). For saline-exposed females, who had high 
levels of lick-related activity during RI-30 session 1, the devalued session actually had lower 
activity relative to RI-30 session 1, while there was increased activity relative to RI-30 sessions 3 
and 4 during the “valued” session (all ps < 0.05). Lick-related activity was also lower in saline-
exposed females, relative to saline exposed males, during both OD tests (Fig. 6.6b). The effect of 
treatment depended on sex and session, with amphetamine-exposed females having more activity 
than saline-exposed females during both OD tests, while amphetamine-exposed males had less 
activity than saline exposed males during the “devalued” test. Finally, there was less activity 
during the “devalued” session, relative to the “valued” session, in amphetamine-exposed rats but 
no difference between the tests in saline-exposed rats.  
 When we examined the relationship between our devaluation measure (Δ licks) and 
neural activity during RI-30 sessions we found that RI-30 session 1 lick-related activity was 
negatively associated with Δ licks (F1,169 = 7.03, p = 0.009), just as we found with lever presses 
and related activity. This relationship was mediated by interactions between the continuous 
variable and sex (F1,169 = 6.08, p = 0.015), treatment (F1,169 = 6.59, p = 0.011), and by a three-
way interaction between the continuous variable, sex and treatment (F1,169 = 6.68, p = 0.011). 
Follow-up regression analyses revealed significant relationships between activity around licks 
and Δ licks for saline-exposed females (Fig. 6.6c; F1,41 = 4.47, p = 0.041) and saline-exposed 
males (Fig. 6.6d; F1,31 =  5.07, p = 0.032), but not for amphetamine-exposed females (Fig. 6.6e; 
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F1,42 = 1.60, p = 0.21) or amphetamine-exposed males (Fig. 6.6f; F1,55 = 0.10, p = 0.753). As 
with lever press-related activity, there were no significant relationships between lick-related 
activity on other sessions and Δ licks (data not shown). 
Discussion 
In this study we set out to determine whether exposure to amphetamine during 
adolescence would lead to long-term changes in habit formation and OFC function. We also set 
out to investigate whether there were sex differences in the sensitivity to these drug-induced 
changes. We found that adolescent exposure to amphetamine may be associated with behavior 
that is more habitual (i.e., insensitive to changes in value), but this effect was fairly modest and 
was limited to males. Amphetamine exposure changed event-related OFC activity but had 
minimal effects on baseline OFC firing. Moreover, amphetamine seemed to change the 
relationship between OFC activity and behavior, so that individual differences in event-related 
activity were no longer associated with whether behavior was goal-directed or habitual. The 
results of this study add to the evidence suggesting that the effects of amphetamine on OFC 
function are not generalized, as might be expected if the OFC was globally disrupted (e.g., 
lesioned), but that instead there is a more specific shift in the way that the OFC encodes 
information about contingency and directs reward behavior.  
In this study we found that the involvement of the OFC in the eventual expression of 
goal-directed, versus habitual, behavior was reduced for rats that were exposed to amphetamine.  
Indeed, there was no relationship between the degree of OD and lever press- or lick-related OFC 
modulation in amphetamine-exposed rats, while both of these measures were correlated with 
goal-directed behavior in saline-exposed rats. It has been suggested that the OFC may be 
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involved in “model-based” processing (Stalnaker et al., 2015), so that it plays a role in 
integrating information from different sources (e.g., combining internal cues about satiety with 
awareness of the outcome associated with an action in outcome devaluation). Another theory is 
that the OFC is involved in balancing whether actions are goal-directed, as they might be early in 
the process of learning something, or habitual, as they might be after over-training (Coutureau 
and Killcross, 2003; Corbit et al., 2014; Lucantonio et al., 2014) or with unpredictable 
reinforcement (Gremel and Costa, 2013). In this model, the OFC becomes less involved as 
behavior transitions from being model-based or goal-directed and toward habitual responding. 
Indeed, OFC lesions and chemogenetic inactivation have little effect on behavior that has already 
become habitual (Gremel and Costa, 2013). It has been theorized that exposure to 
psychostimulants promotes habitual behavior by reducing the involvement of the OFC and 
increasing the involvement of the dorsolateral striatum a region that seems to specifically 
promote habitual responding (Lucantonio et al., 2014). This is consistent with our finding that 
OFC modulation was not associated with goal-directed behavior for amphetamine-exposed rats, 
while in saline-exposed rats OFC modulation during RI-30 session 1 predicted goal-directed 
behavior (OD sensitivity). 
The relationship between OFC modulation and goal-directed behavior seemed to be 
specific to modulation occurring in the first RI-30 session; we found no relationship between 
OFC modulation during OD tests and performance during those tests. We designed our study so 
that our recordings were captured at a time when we expected electrophysiology rats to be 
behaving in a goal-directed fashion. We expected this because their behavior-only counterparts, 
with the exception of amphetamine-exposed males, were sensitive to OD during the first test set, 
which occurred after the same number of RI-30 sessions. However, our electrophysiology rats 
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did not demonstrate significant goal-directed behavior. This could have been because we had 
fewer electrophysiology rats, and were thus lacking power. But it also could have been the result 
of task differences leading to earlier emergence of habit. For example, electrophysiology rats had 
a sipper tube rather than a dipper cup, meaning that they could interact directly with the source of 
reward when it was not available. If the OFC’s involvement in integrating information about 
reward is diminished as goal-directed behavior transitions into habit this may explain why we 
found no relationship between the degree of OD and OFC activity during the actual valued and 
devalued sessions. We did, however, find a relationship between RI-30 session 1 lever press- and 
lick-related modulation and the extent to which each of those measures was sensitive to OD. 
Given that habit emerges as a result of over-training (Lingawi and Balleine, 2012), and that the 
OFC becomes less involved in modulating behavior as it becomes habitual (Gremel and Costa, 
2013; Lucantonio et al., 2014), it may be that the first session of RI-30 training is when behavior 
is maximally goal-directed. If this is the case then activity during this session may be the best 
possible measure of an individual rat’s degree of OFC involvement in goal-directed behavior, 
which would then eventually predict the extent to which behavior was goal-directed versus 
habitual later in training. Although we suggest that for saline-exposed rats the greater degree of 
OFC involvement in behavior means that their behavior was more goal-directed, it is important 
to note that we did not find any effects of treatment on devaluation among the electrophysiology 
rats.  
We found only modest effects of amphetamine exposure on behavior in this study. Males 
exposed to amphetamine during adolescence entered the trough more frequently during training 
sessions and may have been less sensitive to the effects of outcome devaluation, though without 
significant interactions in the ANOVA we cannot confidently assert that this is truly a sex-
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specific effect of treatment and not simply an artifact. Amphetamine-exposed females, in 
contrast, exhibited no behavioral differences from their saline-exposed counterparts. We 
expected this sex difference, as we have previously demonstrated that only males are sensitive to 
the effects of adolescent amphetamine exposure on impulsive action (Hammerslag et al., 2014). 
However, previous studies with cocaine and amphetamine had led us to expect a more robust 
effect within males (Nelson and Killcross, 2006; Nordquist et al., 2007; Corbit et al., 2014), 
though not all studies report this effect (Halbout et al., 2016). The reason for the relatively weak 
effect of amphetamine on behavior in this study is unclear, especially in light of the robust 
effects of amphetamine-exposure on event-related OFC activity previously mentioned. 
Amphetamine exposure affected event-related OFC activity in a sex-specific fashion. 
While saline-exposed males had increased event-related modulation during the “devalued” 
session, relative to the “valued” session, the opposite pattern held for amphetamine-exposed 
males. A recent study examining OFC activity in mice that were trained to be sensitive or 
insensitive to outcome devaluation, depending on context, found that within the same mouse 
there was greater lever-press related modulation during the devalued session when mice were 
sensitive to OD (Gremel and Costa, 2013). Thus the response of saline-exposed males to changes 
in value mirrors what would be expected if they were behaving in a goal-directed fashion, while 
the opposite is true for amphetamine-exposed males. However, in females there was no effect of 
treatment on the direction of value-related changes in modulation, amphetamine- and saline-
exposed females both had reductions in event-related modulation during the devalued session. 
The fact that amphetamine treatment only affected the OFC’s response to value in males, and not 
females, is consistent with our finding from the behavior-only rats that only male amphetamine-
exposed rats behave habitually. However, females in the behavior-only group were sensitive to 
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the effects of outcome devaluation and here we find that their value-related OFC activity is the 
opposite of what would’ve been expected based on a study conducted in male mice. The sex 
difference in the direction of modulation, with high activity during the valued session, may be 
associated with the phenomena of higher extinction responding in females. 
In behavior-only rats we found sex differences in responding during both RI-30 and OD 
test sessions, with females responding more regardless of test. However, we did not find that 
females were any less sensitive to the change in reward value, as we have suggested in a 
previous study (Hammerslag and Gulley, 2013), and indeed they may be more sensitive to the 
devaluation procedure in the current study. Our results are instead consistent with the notion that 
females respond more during extinction in general (Carroll and Anker, 2010) and so they are less 
responsive to changes in contingency, rather than to changes in reward value. This does not seem 
to be caused by their high levels of RI-30 responding, as the effect of sex on OD extinction test 
responding (regardless of value) was present in electrophysiology rats, even though females did 
not respond more during RI-30 sessions in that cohort. This sex difference in extinction 
responding may have been associated with sex differences in OFC activity. Relative to other 
groups, saline-exposed females had a greater reduction in event-related OFC modulation across 
RI-30 sessions. Saline-exposed females also had significantly lower levels of lick-related activity 
during OD tests, relative to saline exposed males. Lever press-related modulation was higher in 
saline-exposed females during the “valued” session, relative to modulation during the “devalued” 
session. There was also a sex difference in lever press-related activity, with saline-exposed 
females having more modulation than their male counterparts during the “valued” session; 
however, saline-exposed males had very few lever press-related neurons and so this difference 
may not be meaningful as there was very low power. There were no sex differences in OFC 
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activity among amphetamine-exposed rats, even though we found that the effects of adolescent 
amphetamine exposure on RI-30 responding and OD were limited to males in the behavior-only 
group. 
In summary, we sought to determine in this study if amphetamine-induced changes in 
OFC activity were responsible for the observation that psychostimulant exposure leads to faster 
development of habit. Though we observed only modest effects of amphetamine on habitual 
behavior, we found that event-related modulation within the OFC had little connection to the 
extent to which behavior is goal-directed in rats that were exposed to amphetamine. This pattern 
of OFC involvement in behavior is consistent with what would be expected if behavior was 
habitual or “model-free”, with little involvement of the OFC (Gremel and Costa, 2013; 
Lucantonio et al., 2014). The OFC modulates reward behavior through interactions within the 
corticostriatal circuit, with OFC and dorsomedial striatum seemingly promoting goal-directed 
behavior while the dorsolateral striatum promotes habitual behavior. Although our findings seem 
to be consistent with the notion that reductions in OFC engagement are responsible for 
amphetamine’s effects on habit formation, it is also possible that amphetamine exposure 
enhances the ability of the dorsolateral striatum to promote habit formation. Future studies 
should examine how amphetamine affects OD-related activity within the dorsolateral striatum 
and how it affects the corticostriatal circuit more broadly.  
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Tables and Figures 
 
Table 6.1: Neuron statistics for females. For each session the number of rats, number of 
neurons, and baseline firing rate is reported for saline-exposed females (left) and amphetamine-
exposed females (right).   
Session RI1 RI2 RI3 RI4 Val Deval RI1 RI2 RI3 RI4 Val Deval
# of Rats 5 5 5 5 5 5 6 6 6 6 6 6
# of Neurons 48 57 49 54 57 58 48 50 42 48 36 57
Lever press-related 44 48 43 50 28 32 45 45 41 41 29 31
Lick-related 46 50 47 52 46 49 48 49 40 46 33 53
Baseline Firing Rate 
(spikes/s) 3.62 3.99 3.63 2.93 4.33 4.11 3.42 2.84 3.48 4.47 3.79 4.03
SEM 0.33 0.35 0.34 0.23 0.30 0.30 0.33 0.34 0.38 0.35 0.44 0.33
Minimum 0.36 0.09 0.29 0.60 0.66 0.32 0.01 0.02 0.09 0.44 0.40 0.13
Maximum 9.83 9.92 9.83 8.42 9.53 9.56 9.74 9.65 8.91 9.30 9.45 9.84
Median 3.46 3.85 3.26 2.58 3.84 3.83 2.72 2.13 3.38 4.77 3.65 3.60
Saline Females AMPH Females
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Table 6.2: Neuron statistics for males. For each session the number of rats, number of neurons, 
and baseline firing rate is reported for saline-exposed males (left) and amphetamine-exposed 
males (right). 
  
Session RI1 RI2 RI3 RI4 Val Deval RI1 RI2 RI3 RI4 Val Deval
# of Rats 5 5 5 4 5 4 5 5 5 5 5 5
# of Neurons 54 51 51 51 69 42 64 65 61 67 71 78
Lever press-related 49 40 45 44 6 7 62 59 55 64 34 38
Lick-related 51 45 49 46 62 21 60 65 54 66 59 63
Baseline Firing Rate 
(spikes/s) 2.45 2.95 3.13 2.41 3.54 3.31 2.67 3.03 2.55 3.39 3.42 3.31
SEM 0.29 0.34 0.36 0.25 0.27 0.33 0.26 0.30 0.25 0.26 0.26 0.27
Minimum 0.03 0.16 0.27 0.14 0.13 0.57 0.09 0.05 0.27 0.39 0.31 0.04
Maximum 9.67 8.96 9.52 8.84 8.46 8.93 9.69 9.19 9.43 8.37 9.51 9.82
Median 1.94 2.31 2.39 1.82 3.33 2.79 2.15 2.31 2.38 3.26 3.14 3.09
Saline Males AMPH Males
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Figure 6.1: Responding during RI-30 training sessions in behavior-only rats. For each RI-30 
training session the number of lever presses is shown in (A) and the number of trough entries is 
shown in (B). Breaks in the lines indicate OD test sessions. #p < 0.05, ###p < 0.001 vs females; ^p 
< 0.05 vs amphetamine-exposed rats. 
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Figure 6.2: Outcome devaluation in behavior-only rats. For test set 1 the number of lever 
presses (A) and trough entries (B) are shown for valued and devalued (slashed bars) sessions. 
The same is shown below for test set 2 (C, D). A difference score was calculated for lever 
presses (E) and trough entries (F) to provide a simple index of outcome devaluation. ***p < 
0.001 valued versus devalued in females, collapsed across treatment; *p < 0.05 vs chance 
performance in an a priori t-test; ###p < 0.001 vs females. 
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Figure 6.3: Operant behavior in electrophysiology rats. RI-30 session lever presses (A) and 
licks (B) are shown with the break in the line before RI-30 session 4 representing the first OD 
test, while the second test occurred after RI-30 session 4. The number of lever presses (C) and 
licks (D) during outcome devaluation sessions, with slashed bars indicating the reinforcer was 
devalued. A difference score was calculated for lever presses (E) and licks (F). #p < 0.05 vs 
females. 
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Figure 6.4: Baseline firing rate. Electrode placement for included units (A). Activity during the 
5 min before each session for RI-30 training sessions (B) and outcome devaluation test sessions 
(C). Numbers on graphs indicate results of test by session post hoc tests, with the number 
indicating the session of RI-30 that a given point is significantly different from (p < 0.05); 
because of space constraints the results for saline-exposed rats are shown next to the legend 
while the results for amphetamine rats are on the graph in (B). ^ p < 0.05 saline vs amphetamine, 
collapsed across sex. 
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Figure 6.5: Lever press-related activity. Rate modulation (absolute difference from baseline 
during period of modulation) in the 2s before and after each lever press for RI-30 training 
sessions (A) and outcome devaluation test sessions (B). Scatterplots show the relationship 
between outcome devaluation (Δ lever presses) and the amount of rate modulation during RI-30 
session 1 (C-F), with colored and dashed trendlines indicating a significant relationship and light 
gray trendlines indicating no significant relationship. Numbers indicate significance versus the 
corresponding session of RI-30 training. ^^ p < 0.01, ^^^ p < 0.001 amphetamine-exposed rats; 
** p < 0.01 vs valued session; # p < 0.05 vs females. 
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Figure 6.6: Lick-related activity. Rate modulation (absolute difference from baseline during 
period of modulation) in the 2s before and after each lever press for RI-30 training sessions (A) 
and outcome devaluation test sessions (B). Scatterplots show the relationship between outcome 
devaluation (Δ licks) and the amount of rate modulation during RI-30 session 1 (C-F), with 
colored and dashed trendlines indicating a significant relationship and light gray trendlines 
indicating no significant relationship. Numbers indicate significance versus the corresponding 
session of RI-30 training; for (A) these numbers are significant only for saline-exposed females. 
^^ p < 0.01, ^^^ p < 0.001 amphetamine-exposed rats; ** p < 0.01 vs valued session; # p < 0.05 
vs females. 
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CHAPTER 7: GENERAL DISCUSSION 
Theories of adolescent vulnerability suggest that the key factor mediating problems 
associated with adolescent drug use is shifting balances among regions in the mesocorticolimbic 
circuit (Ernst et al., 2006; Casey et al., 2008; Steinberg, 2010), a circuit that exhibits uneven 
adolescent development  (Ernst et al., 2006; Paus et al., 2008; Burghy et al., 2012). Although the 
results of the studies within this dissertation confirm that there are age differences in reward 
processing that would be consistent with heightened vulnerability to addiction, we cannot 
determine if the effects we observed are due to changes in the PFC specifically, or are instead 
driven by changes in circuit function as a whole. Our observations following AMPH exposure, 
such as a change in OFC firing during goal-directed behavior, could represent downstream 
effects of changes in other regions within the circuit such as the striatum. Future studies can 
clarify whether poorer behavioral control during adolescence, and following drug exposure, is 
primarily driven by changes within a specific region or by simultaneous changes within multiple 
regions.  
The results of the studies within this dissertation highlight the importance of careful 
design when examining age and sex differences in reward behavior. In particular, the effects of 
food restriction should be carefully considered. For example, one study looking at extinction 
learning has demonstrated that adolescents responded more during extinction while food 
restricted, while adults were unaffected by food restriction (Sturman et al., 2010). This may be 
affected by sex, as well (Higuera-Matas et al., 2012). While we found that food-restricted 
females (approximately 15% body weight loss) were substantially less impulsive than males food 
restricted to the same level (Chapter 4), we later found that females were substantially more 
impulsive than males when controlled access to food (20-22 h) was used as an alternative to 
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weight loss-based food restriction (Chapter 5). Similarly, females were less sensitive to changes 
in outcome value when kept at 90% of their free-fed weight (Chapter 3), but may have been 
more sensitive to outcome devaluation when no weight loss was involved (Chapter 6). Together, 
these studies suggest the method of food restriction used may have a large impact on behavioral 
findings in rodent models with adolescent age increasing sensitivity to the effects of food 
deprivation and female sex leading to more habitual, but less impulsive, behavior under weight 
loss conditions. Other studies have found females were less sensitive to changes in food 
restriction than control males when instrumental responding was reinforced by food (Higuera-
Matas et al., 2008) but not by heroin (Carroll et al., 2001). As there is not yet a consensus on 
whether and how sex and adolescence may interact to influence the response to food deprivation, 
researchers should take note of the method of food restriction employed in different studies, 
(e.g., body weight loss or mild deprivation (Burton and Fletcher, 2012)). This factor may 
influence results and lead to a failure to replicate, for example, we were unable to reproduce an 
effect of age on impulsive choice that had been found in rats held at 85% of free-fed weight 
(Doremus-Fitzwater et al., 2012) when we used limited access to food to encourage motivation 
(Chapter 5). Particularly striking is the reversal in the direction of the sex difference in impulsive 
action in Chapter 4 versus Chapter 5 as each of these studies involved a relatively large number 
of subjects and a fairly large effect size. Future studies into the effect of food restriction on 
impulsive action in males and females could further clarify what is causing this sex difference. I 
hypothesize that the relative level of impulsivity is unchanged by food restriction in females, but 
that low motivation state (no weight loss) reduces impulsivity in males. We found relatively little 
variation in impulsive action among females, regardless of food restriction method, and thus we 
suspect that cyclic variations in sex hormones do not influence the response to food restriction.  
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Although we did not examine the effects of sex hormones in any of the studies in this 
dissertation, some of the regions with the largest sex differences in volume and gray matter in 
human studies, such as the amygdala and PFC, are also regions with high levels of sex steroid 
receptor expression in rodent studies (Goldstein et al., 2001; Peper et al., 2011b; Giedd et al., 
2012). In addition, a number of studies have shown a relationship between sex hormone levels 
and adolescent brain development (Peper et al., 2011a). For example, one study in adolescent 
boys and girls found that high circulating testosterone levels predicted greater gray matter 
volume in the left amygdala, independent of Tanner stage (Neufang et al., 2009). Therefore, sex 
hormones may have an organizational effect on corticolimbic circuit development and this may 
be particularly pronounced in areas with high levels of sex steroid receptors. This organizational 
effect is in addition to well documented activational effects of sex hormones on corticolimbic 
function and reward-related behavior in adult humans and rodents (Lynch et al., 2002; Carroll 
and Anker, 2010; Becker et al., 2012). One way to separate the organizational and activational 
effects of sex hormones is to compare animals that are gonadectomized during adulthood to 
those that are gonadectomized before puberty (Kuhn et al., 2010; Vetter-O’Hagen and Spear, 
2011). Using this approach, adult gonadectomy reveals the activational effects of sex hormones 
while differences between adult gonadectomy and pre-pubertal gonadectomy represent the 
organizational effects of hormones during puberty and adolescence. While some studies have 
examined subjects both pre- and post-puberty with regard to reward-related behavior, few have 
examined pre-pubertal gonadectomy with regard to corticolimbic development (Andersen et al., 
2002; Cooke and Woolley, 2008). Future studies could examine whether pre- or post-pubertal 
gonadectomy influences the sex differences in reward behavior during adulthood, as 
demonstrated in this dissertation (Chapter 3, 4, 5).  
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The studies comprising this dissertation suggest interactions between age and sex in 
mediating adolescent vulnerability. Behavioral vulnerability factors, that may influence the 
likelihood that problem drug use develops, are increased during adolescence and may be elevated 
among adult females as well, though this may depend on food restriction. Vulnerability to the 
long term effects of drug exposure on the control of reward behavior, which could eventually 
lead to compulsive or uncontrolled drug use, seems to be greatest among adolescent males. 
Meanwhile, adolescent females may actually be protected from the effects of adolescent, but not 
adult, AMPH exposure (Chapter 4, Chapter 6). Therefore I believe there is a compelling case for 
increasing research into the effects of sex on adolescent behavior and development. In addition 
to increasing the number of studies including females, efforts must be taken to examine the 
effects of sex in studies that include male and female subjects, even if this means increasing the 
number of subjects (Van Leijenhorst et al., 2010a, 2010b). Indeed, a recent review of fMRI 
studies comparing adolescents and adults has demonstrated that the majority of studies on 
reward-related activation lack the power to examine sex differences (Richards et al., 2013). Not 
only is it likely that sex differences in behavior and neural activation may be influencing error 
within mixed-sex groups, failing to design studies so that sex is included as a factor in analysis 
deprives us of valuable data that may help refine our theories of vulnerability and improve the 
validity of our animal models (Guizzetti et al., 2016). Thus, human and rodent studies that do not 
include sex as a factor may present results that are incomplete and care should be taken not to 
over-generalize these studies.  
In the studies within this dissertation we found that there were few sex differences in 
behavior during adolescence (Chapter 3, Chapter 5). This is not in line with what might have 
been expected if specific changes within the PFC or striatum (e.g., pruning of neurons, synapses, 
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or dopamine receptors) were driving adolescent-typical behavior, as there are sex differences in 
the specifics of many of these developmental processes (Andersen et al., 1997; Willing and 
Juraska, 2015; Drzewiecki et al., 2016). Instead, our results support the notion that more 
generalized disruptions within the mesocorticolimbic circuit are leading to poorer control over 
reward behavior during adolescence. Thus, sex differences in behavior and corticolimbic 
development are often, but not always, consistent with the dual systems and triadic theories of 
adolescent vulnerability to substance use (Casey et al., 2008; Steinberg et al., 2008; Ernst et al., 
2011). We did, however, find a sex difference in the long term effects of adolescent drug 
exposure, with males being more sensitive to the effects of adolescent AMPH exposure on PFC-
sensitive behaviors (Chapter 4, Chapter 6). At present we have evidence to suggest that this may 
be an age-specific effect for impulsive action, with adolescent males being more affected than 
adult males, but we have not yet examined whether the effect of AMPH on habit formation is age 
specific. We are currently conducting a follow-up study that should clarify whether males are 
also sensitive to the effects of AMPH on habit (Chapter 6) or whether the effects of AMPH on 
PFC-mediated behavior truly is more pronounced during adolescence. In summary, the results of 
this dissertation, summarized in Figure 7.1, suggest that there may be a complex relationship 
between sex and the factors (e.g., behavioral and drug-induced) that contribute to the harmful 
consequences of adolescent drug use (Gulley and Juraska, 2013; Hammerslag and Gulley, 2016). 
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Figure 
 
Figure 7.1: Summary of findings. We examined whether female adults (large pink rat symbol) 
and adolescents (small rat symbols) would exhibit deficits in executive function consistent with 
vulnerability to drug abuse (top) or enhanced vulnerability to drug-induced changes (bottom). 
For behavioral vulnerability measures the right side of each scale indicates poorer executive 
function relative to adult males (large blue rat symbol). For drug-induced changes the far right of 
each scale indicates a deficit relative to controls.  
  
120 
 
REFERENCES 
Andersen SL, Rutstein M, Benzo JM, Hostetter JC, Teicher MH (1997) Sex differences in 
dopamine receptor overproduction and elimination. Neuroreport 8:1495–1498. 
Andersen SL, Thompson  a T, Rutstein M, Hostetter JC, Teicher MH (2000) Dopamine receptor 
pruning in prefrontal cortex during the periadolescent period in rats. Synapse 37:167–169. 
Andersen SL, Thompson AP, Krenzel E, Teicher MH (2002) Pubertal changes in gonadal 
hormones do not underlie adolescent dopamine receptor overproduction. 
Psychoneuroendocrinology 27:683–691. 
Andrzejewski ME, Schochet TL, Feit EC, Harris R, McKee BL, Kelley AE (2011) A comparison 
of adult and adolescent rat behavior in operant learning, extinction, and behavioral 
inhibition paradigms. Behav Neurosci 125:93–105. 
Anker JJ, Carroll ME (2010) Reinstatement of cocaine seeking induced by drugs, cues, and 
stress in adolescent and adult rats. Psychopharmacology (Berl) 208:211–222. 
Anker JJ, Gliddon LA, Carroll ME (2008) Impulsivity on a Go/No-go task for intravenous 
cocaine or food in male and female rats selectively bred for high and low saccharin intake. 
Behav Pharmacol 19:615–629. 
Anker JJ, Perry JL, Gliddon L a, Carroll ME (2009) Impulsivity predicts the escalation of 
cocaine self-administration in rats. Pharmacol Biochem Behav 93:343–348. 
Anker JJ, Zlebnik NE, Navin SF, Carroll ME (2011) Responding during signaled availability and 
nonavailability of iv cocaine and food in rats: age and sex differences. Psychopharmacology 
(Berl) 215:785–799. 
121 
 
Anokhin AP, Golosheykin S, Mulligan RC (2015) Long-term test-retest reliability of delayed 
reward discounting in adolescents. Behav Processes 111:55–59. 
Bari A, Robbins TW (2013) Inhibition and impulsivity: Behavioral and neural basis of response 
control. Prog Neurobiol 108:44–79. 
Bayless DW, Darling JS, Stout WJ, Daniel JM (2012) Sex differences in attentional processes in 
adult rats as measured by performance on the 5-choice serial reaction time task. Behav 
Brain Res 235:48–54. 
Becker JB, Hu M (2008) Sex differences in drug abuse. Front Neuroendocrinol 29:36–47. 
Becker JB, Molenda H, Hummer DL (2001) Gender differences in the behavioral responses to 
cocaine and amphetamine. Implications for mechanisms mediating gender differences in 
drug abuse. Ann N Y Acad Sci 937:172–187. 
Becker JB, Perry AN, Westenbroek C (2012) Sex differences in the neural mechanisms 
mediating addiction: a new synthesis and hypothesis. Biol Sex Differ 3:14. 
Becker JB, Robinson TE, Lorenz KA (1982) Sex difference and estrous cycle variations in 
amphetamine-elicited rotational behavior. Eur J Pharmacol 80:65–72. 
Bisagno V, Ferguson D, Luine VN (2003) Chronic d-amphetamine induces sexually dimorphic 
effects on locomotion, recognition memory, and brain monoamines. Pharmacol Biochem 
Behav 74:859–867. 
Brenhouse HC, Andersen SL (2011) Developmental trajectories during adolescence in males and 
females: a cross-species understanding of underlying brain changes. Neurosci Biobehav 
Rev 35:1687–1703. 
Broos N, Diergaarde L, Schoffelmeer AN, Pattij T, De Vries TJ (2012a) Trait impulsive choice 
122 
 
predicts resistance to extinction and propensity to relapse to cocaine seeking: a bidirectional 
investigation. Neuropsychopharmacology 37:1377–1386. 
Broos N, Schmaal L, Wiskerke J, Kostelijk L, Lam T, Stoop N, Weierink L, Ham J, de Geus 
EJC, Schoffelmeer ANM, van den Brink W, Veltman DJ, de Vries TJ, Pattij T, Goudriaan 
AE (2012b) The relationship between impulsive choice and impulsive action: a cross-
species translational study. PLoS One 7:e36781. 
Burghy C a, Stodola DE, Ruttle PL, Molloy EK, Armstrong JM, Oler JA, Fox ME, Hayes AS, 
Kalin NH, Essex MJ, Davidson RJ, Birn RM, Jeffrey M (2012) Developmental pathways to 
amygdala-prefrontal function and internalizing symptoms in adolescence. Nat Neurosci 
15:1736–1741. 
Burton CL, Fletcher PJ (2012) Age and sex differences in impulsive action in rats: The role of 
dopamine and glutamate. Behav Brain Res 230:21–33. 
Burton CL, Noble K, Fletcher PJ (2011) Enhanced Incentive Motivation for Sucrose-Paired Cues 
in Adolescent Rats: Possible Roles for Dopamine and Opioid Systems. 
Neuropsychopharmacology 36:1631–1643. 
Camp DM, Robinson TE (1988) Susceptibility to sensitization. I. Sex differences in the enduring 
effects of chronic D-amphetamine treatment on locomotion, stereotyped behavior and brain 
monoamines. Behav Brain Res 30:55–68. 
Carroll ME, Anker JJ (2010) Sex differences and ovarian hormones in animal models of drug 
dependence. Horm Behav 58:44–56. 
Carroll ME, Campbell UC, Heideman P (2001) Ketoconazole suppresses food restriction-
induced increases in heroin self-administration in rats: Sex differences. Exp Clin 
123 
 
Psychopharmacol 9:307–316. 
Casey BJ, Getz S, Galvan A (2008) The adolescent brain. Dev Rev 28:62–77. 
Casey BJ, Jones RM (2010) Neurobiology of the adolescent brain and behavior: implications for 
substance use disorders. J Am Acad Child Adolesc Psychiatry 49:1189–1201. 
Castner SA, Xiao L, Becker JB (1993) Sex differences in striatal dopamine: in vivo 
microdialysis and behavioral studies. Brain Res 610:127–134. 
Cauffman E, Shulman EP, Steinberg L, Claus E, Banich MT, Graham S, Woolard J (2010) Age 
differences in affective decision making as indexed by performance on the Iowa Gambling 
Task. Dev Psychol 46:193–207. 
Charles NE, Ryan SR, Bray BC, Mathias CW, Acheson A, Dougherty DM (2016) Altered 
developmental trajectories for impulsivity and sensation seeking among adolescent 
substance users. Addict Behav 39:98A. 
Cohen JR, Asarnow RF, Sabb FW, Bilder RM, Bookheimer SY, Knowlton BJ, Poldrack RA 
(2010) A unique adolescent response to reward prediction errors. Nat Neurosci 13:1–19. 
Colzato LS, van den Wildenberg WPM, Hommel B (2007) Impaired inhibitory control in 
recreational cocaine users. PLoS One 2:e1143. 
Cooke BM, Woolley CS (2008) Effects of prepubertal gonadectomy on a male-typical behavior 
and excitatory synaptic transmission in the amygdala. Dev Neurobiol 69:141–152. 
Corbit LH, Chieng BC, Balleine BW (2014) Effects of Repeated Cocaine Exposure on Habit 
Learning and Reversal by N-Acetylcysteine. Neuropsychopharmacology:1–9. 
Corbit LH, Nie H, Janak PH (2012) Habitual alcohol seeking: time course and the contribution 
of subregions of the dorsal striatum. Biol Psychiatry 72:389–395. 
124 
 
Cotto JH, Davis E, Dowling GJ, Elcano JC, Staton AB, Weiss SRB (2010) Gender effects on 
drug use, abuse, and dependence: a special analysis of results from the National Survey on 
Drug Use and Health. Gend Med 7:402–413. 
Counotte DS, Goriounova N a, Li KW, Loos M, van der Schors RC, Schetters D, Schoffelmeer 
ANM, Smit AB, Mansvelder HD, Pattij T, Spijker S (2011) Lasting synaptic changes 
underlie attention deficits caused by nicotine exposure during adolescence. Nat Neurosci 
14:417–419. 
Coutureau E, Killcross S (2003) Inactivation of the infralimbic prefrontal cortex reinstates goal-
directed responding in overtrained rats. Behav Brain Res 146:167–174. 
Crews FT, Boettiger CA (2009) Impulsivity, frontal lobes and risk for addiction. Pharmacol 
Biochem Behav 93:237–247. 
Dalla C, Shors TJ (2009) Sex differences in learning processes of classical and operant 
conditioning. Physiol Behav 97:229–238. 
Dalley JW, Everitt BJ, Robbins TW (2011) Impulsivity, compulsivity, and top-down cognitive 
control. Neuron 69:680–694. 
Dalley JW, Fryer TD, Brichard L, Robinson ESJ, Theobald DEH, Lääne K, Peña Y, Murphy ER, 
Shah Y, Probst K, Abakumova I, Aigbirhio FI, Richards HK, Hong Y, Baron J-C, Everitt 
BJ, Robbins TW (2007) Nucleus accumbens D2/3 receptors predict trait impulsivity and 
cocaine reinforcement. Science (80- ) 315:1267–1270. 
Dalley JW, Roiser JP (2012) Dopamine, serotonin and impulsivity. Neuroscience 215:42–58. 
Devaud LL, Bartoo G, Malthankar G (2002) Altered responses to dizocilpine maleate 
administration in ethanol-withdrawn male and female rats. Alcohol 28:83–93. 
125 
 
Diergaarde L, Pattij T, Poortvliet I, Hogenboom F, de Vries W, Schoffelmeer ANM, De Vries TJ 
(2008) Impulsive choice and impulsive action predict vulnerability to distinct stages of 
nicotine seeking in rats. Biol Psychiatry 63:301–308. 
Diergaarde L, van Mourik Y, Pattij T, Schoffelmeer ANM, De Vries TJ (2012) Poor impulse 
control predicts inelastic demand for nicotine but not alcohol in rats. Addict Biol 17:576–
587. 
Doremus-Fitzwater TL, Barreto M, Spear LP (2012) Age-related differences in impulsivity 
among adolescent and adult Sprague-Dawley rats. Behav Neurosci 126:735–741. 
Doremus-Fitzwater TL, Spear LP (2010) Age-related differences in amphetamine sensitization: 
effects of prior drug or stress history on stimulant sensitization in juvenile and adult rats. 
Pharmacol Biochem Behav 96:198–205. 
Doremus-Fitzwater TL, Spear LP (2011) Amphetamine-induced incentive sensitization of sign-
tracking behavior in adolescent and adult female rats. Behav Neurosci 125:661–667. 
Drzewiecki CM, Willing J, Juraska JM (2016) Synaptic number changes in the medial prefrontal 
cortex across adolescence in male and female rats: A role for pubertal onset. Synapse 
70:361–368. 
Ernst M, Daniele T, Frantz KJ (2011) New perspectives on adolescent motivated behavior: 
attention and conditioning. Dev Cogn Neurosci 1:377–389. 
Ernst M, Mueller SC (2008) The adolescent brain: insights from functional neuroimaging 
research. Dev Neurobiol 68:729–743. 
Ernst M, Phillips AG, Hardin M (2006) Triadic model of the neurobiology of motivated behavior 
in adolescence. Psychol Med 36:299–312. 
126 
 
Ernst M, Romeo RD, Andersen SL (2009) Neurobiology of the development of motivated 
behaviors in adolescence: a window into a neural systems model. Pharmacol Biochem 
Behav 93:199–211. 
Evenden JL (1999) Varieties of impulsivity. Psychopharmacology (Berl) 146:348–361. 
Everitt BJ, Robbins TW (2005) Neural systems of reinforcement for drug addiction: from actions 
to habits to compulsion. Nat Neurosci 8:1481–1489. 
Fattore L, Melis M, Fadda P, Fratta W (2014) Sex differences in addictive disorders. Front 
Neuroendocrinol 35:272–284. 
Fillmore MT, Rush CR (2002) Impaired inhibitory control of behavior in chronic cocaine users. 
Drug Alcohol Depend 66:265–273. 
Fletcher PJ, Rizos Z, Noble K, Higgins GA (2011) Impulsive action induced by amphetamine, 
cocaine and MK801 is reduced by 5-HT(2C) receptor stimulation and 5-HT(2A) receptor 
blockade. Neuropharmacology 61:468–477. 
Foscue EP, Wood KN, Schramm-Sapyta NL (2012) Characterization of a semi-rapid method for 
assessing delay discounting in rodents. Pharmacol Biochem Behav 101:187–192. 
Foster KT, Hicks BM, Iacono WG, McGue M (2014) Alcohol use disorder in women: Risks and 
consequences of an adolescent onset and persistent course. Psychol Addict Behav 28:322–
335. 
Fox HC, Bergquist KL, Peihua G, Rajita S (2010) Interactive effects of cumulative stress and 
impulsivity on alcohol consumption. Alcohol Clin Exp Res 34:1376–1385. 
Friemel CM, Spanagel R, Schneider M (2010) Reward sensitivity for a palatable food reward 
peaks during pubertal developmental in rats. Behav Neurosci 4:1–10. 
127 
 
Fuchs R a, Evans KA, Mehta RH, Case JM, See RE (2005) Influence of sex and estrous cyclicity 
on conditioned cue-induced reinstatement of cocaine-seeking behavior in rats. 
Psychopharmacology (Berl) 179:662–672. 
Galvan A, Hare TA, Parra CE, Penn J, Voss H, Glover G, Casey BJ (2006) Earlier development 
of the accumbens relative to orbitofrontal cortex might underlie risk-taking behavior in 
adolescents. J Neurosci 26:6885–6892. 
Gershon J (2002) A Meta-Analytic Review of Gender Differences in ADHD. J Atten Disord 
5:143–154. 
Giedd JN (2004) Structural magnetic resonance imaging of the adolescent brain. Ann N Y Acad 
Sci 1021:77–85. 
Giedd JN, Blumenthal J (1999) Brain development during childhood and adolescence: a 
longitudinal MRI study. Nat Neurosci 2:861–863. 
Giedd JN, Raznahan A, Mills KL, Lenroot RK (2012) Review: magnetic resonance imaging of 
male/female differences in human adolescent brain anatomy. Biol Sex Differ 3:19. 
Gogtay N, Giedd JN, Lusk L, Hayashi KM, Greenstein D, Vaituzis  a C, Nugent TF, Herman 
DH, Clasen LS, Toga AW, Rapoport JL, Thompson PM (2004) Dynamic mapping of 
human cortical development during childhood through early adulthood. Proc Natl Acad Sci 
101:8174–8179. 
Goldstein JM, Link BG (1988) Gender and the expression of schizophrenia. J Psychiatr Res 
22:141–155. 
Goldstein JM, Seidman LJ, Horton NJ, Makris N, Kennedy DN, Caviness VS, Faraone S V, 
Tsuang MT (2001) Normal sexual dimorphism of the adult human brain assessed by in vivo 
128 
 
magnetic resonance imaging. Cereb Cortex 11:490–497. 
Grant B, Dawson D (1997) Age at onset of alcohol use and its association with DSM-IV alcohol 
abuse and dependence: results from the National Longitudinal Alcohol Epidemiologic 
Survey. J Subst Abuse 9:103–110. 
Gremel CM, Costa RM (2013) Orbitofrontal and striatal circuits dynamically encode the shift 
between goal-directed and habitual actions. Nat Commun 4:2264. 
Groman SM, James AS, Jentsch JD (2009) Poor response inhibition: at the nexus between 
substance abuse and attention deficit/hyperactivity disorder. Neurosci Biobehav Rev 
33:690–698. 
Guizzetti M, Davies DL, Egli M, Finn DA, Molina P, Regunathan S, Robinson DL, Sohrabji F 
(2016) Sex and the Lab: An Alcohol-Focused Commentary on the NIH Initiative to Balance 
Sex in Cell and Animal Studies. Alcohol Clin Exp Res 40:1182–1191. 
Gulley JM, Juraska JM (2013) The effects of abused drugs on adolescent development of 
corticolimbic circuitry and behavior. Neuroscience 249:3–20. 
Häfner H (2003) Gender differences in schizophrenia. Psychoneuroendocrinology 28:17–54. 
Halbout B, Liu AT, Ostlund SB (2016) A closer look at the effects of repeated cocaine exposure 
on adaptive decision-making under conditions that promote goal-directed control. Front 
Psychiatry 7:1–12. 
Hammerslag LR, Gulley JM (2013) Age and sex differences in reward behavior in adolescent 
and adult rats. Dev Psychobiol 56:611–621. 
Hammerslag LR, Gulley JM (2016) Sex differences in behavior and neural development and 
their role in adolescent vulnerability to substance use. Behav Brain Res 298:15–26. 
129 
 
Hammerslag LR, Waldman AJA, Gulley JM (2014) Effects of amphetamine exposure in 
adolescence or young adulthood on inhibitory control in adult male and female rats. Behav 
Brain Res 263:22–33. 
Hankosky ER, Gulley JM (2012) Performance on an impulse control task is altered in adult rats 
exposed to amphetamine during adolescence. Dev Psychobiol 55:733–744. 
Hankosky ER, Kofsky N, Gulley JM (2013) Age of exposure-dependent effects of amphetamine 
on behavioral flexibility. Behav Brain Res 252:117–125. 
Hayton SJ, Lovett-Barron M, Dumont EC, Olmstead MC (2010) Target-Specific Encoding of 
Response Inhibition: Increased Contribution of AMPA to NMDA Receptors at Excitatory 
Synapses in the Prefrontal Cortex. J Neurosci 30:11493–11500. 
Hicks BM, Iacono WG, McGue M (2010) Consequences of an adolescent onset and persistent 
course of alcohol dependence in men: adolescent risk factors and adult outcomes. Alcohol 
Clin Exp Res 34:819–833. 
Higuera-Matas A, Miguéns M, Coria SM, Assis MA, Borcel E, del Olmo N, Ambrosio E (2012) 
Sex-specific disturbances of the glutamate/GABA balance in the hippocampus of adult rats 
subjected to adolescent cannabinoid exposure. Neuropharmacology 62:1975–1984. 
Higuera-Matas A, Soto-Montenegro ML, del Olmo N, Miguéns M, Torres I, Vaquero JJ, 
Sánchez J, García-Lecumberri C, Desco M, Ambrosio E (2008) Augmented acquisition of 
cocaine self-administration and altered brain glucose metabolism in adult female but not 
male rats exposed to a cannabinoid agonist during adolescence. Neuropsychopharmacology 
33:806–813. 
Holden C (2005) Sex and the suffering brain. Science (80- ) 308:1574–1577. 
130 
 
Hur GH, Son WC, Shin S, Kang JK, Kim YB (1999) Sex differences in dizocilpine (MK-801) 
neurotoxicity in rats. Environ Toxicol Pharmacol 7:143–146. 
Ide JS, Zhornitsky S, Hu S, Zhang S, Krystal JH, Li CR (2017) Sex differences in the interacting 
roles of impulsivity and positive alcohol expectancy in problem drinking: A structural brain 
imaging study. NeuroImage Clin 14:750–759. 
Jablonski SA, Watson DJ, Stanton ME (2010) Role of medial prefrontal NMDA receptors in 
spatial delayed alternation in 19-, 26-, and 33-day-old rats. Dev Psychobiol 52:583–591. 
Jentsch JD, Pennington ZZT (2013) Reward, Interrupted: Inhibitory Control and Its Relevance to 
Addictions. Neuropharmacology. 
Jentsch JD, Taylor JR (2003) Sex-related differences in spatial divided attention and motor 
impulsivity in rats. Behav Neurosci 117:76–83. 
Juraska JM, Sisk CL, DonCarlos LL (2013) Sexual differentiation of the adolescent rodent brain: 
Hormonal influences and developmental mechanisms. Horm Behav 64:203–210. 
Jurk S et al. (2015) Personality and Substance Use: Psychometric Evaluation and Validation of 
the Substance Use Risk Profile Scale (SURPS) in English, Irish, French, and German 
Adolescents. Alcohol Clin Exp Res 39:2234–2248. 
Kirby KN, Marakovic N, Maraković NN (1996) Delay-discounting probabilistic rewards: Rates 
decrease as amounts increase. Psychon Bull Rev 3:100–104. 
Koob GF, Volkow ND (2010) Neurocircuitry of addiction. Neuropsychopharmacology 35:217–
238. 
Koss WA, Belden CE, Hristov AD, Juraska JM (2014) Dendritic remodeling in the adolescent 
medial prefrontal cortex and the basolateral amygdala of male and female rats. Synapse 
131 
 
68:61–72. 
Koss WA, Franklin AD, Juraska JM (2011) Delayed alternation in adolescent and adult male and 
female rats. Dev Psychobiol 53:724–731. 
Kosten T, Zhang XY (2008) Sex differences in non-reinforced responding for cocaine. Am J 
Drug Alcohol Abuse 34:473–488. 
Kreek MJ, Nielsen DA, Butelman ER, Laforge KS (2005) Genetic influences on impulsivity, 
risk taking, stress responsivity and vulnerability to drug abuse and addiction. Nat Neurosci 
8:1450–1457. 
Kuhn CM, Johnson M, Thomae A, Luo B, Simon SA, Zhou G, Walker QD (2010) The 
emergence of gonadal hormone influences on dopaminergic function during puberty. Horm 
Behav 58:122–137. 
LeBlanc KH, Maidment NT, Ostlund SB (2013) Repeated cocaine exposure facilitates the 
expression of incentive motivation and induces habitual control in rats. PLoS One 8:e61355. 
Lenroot RK, Giedd JN (2006) Brain development in children and adolescents: insights from 
anatomical magnetic resonance imaging. Neurosci Biobehav Rev 30:718–729. 
Lenroot RK, Gogtay N, Greenstein DK, Wells EM, Wallace GL, Clasen LS, Blumenthal JD, 
Lerch J, Zijdenbos AP, Evans AC, Thompson PM, Giedd JN (2007) Sexual dimorphism of 
brain developmental trajectories during childhood and adolescence. Neuroimage 36:1065–
1073. 
Lingawi NW, Balleine BW (2012) Amygdala central nucleus interacts with dorsolateral striatum 
to regulate the acquisition of habits. J Neurosci 32:1073–1081. 
Lopez-Quintero C, Pérez de los Cobos J, Hasin DS, Okuda M, Wang S, Grant BF, Blanco C 
132 
 
(2011) Probability and predictors of transition from first use to dependence on nicotine, 
alcohol, cannabis, and cocaine: results of the National Epidemiologic Survey on Alcohol 
and Related Conditions (NESARC). Drug Alcohol Depend 115:120–130. 
Löscher W, Annies R, Hönack D (1991) The N-methyl-D-aspartate receptor antagonist MK-801 
induces increases in dopamine and serotonin metabolism in several brain regions of rats. 
Neurosci Lett 128:191–194. 
Lu L, Grimm JW, Shaham Y, Hope BT (2003) Molecular neuroadaptations in the accumbens 
and ventral tegmental area during the first 90 days of forced abstinence from cocaine self-
administration in rats. J Neurochem 85:1604–1613. 
Lu W, Monteggia LM, Wolf ME (1999) Withdrawal from repeated amphetamine administration 
reduces NMDAR1 expression in the rat substantia nigra, nucleus accumbens and medial 
prefrontal cortex. Eur J Neurosci 11:3167–3177. 
Lu W, Wolf ME (1999) Repeated amphetamine administration alters AMPA receptor subunit 
expression in rat nucleus accumbens and medial prefrontal cortex. Synapse 32:119–131. 
Lucantonio F, Caprioli D, Schoenbaum G (2014) Transition from “model-based” to “model-
free” behavioral control in addiction: Involvement of the orbitofrontal cortex and 
dorsolateral striatum. Neuropharmacology 76 Pt B:407–415. 
Lukas S, Wetherington CL (2005) Sex- and gender-related differences in the neurobiology of 
drug abuse. Clin Neurosci Res 5:75–87. 
Lukkes JL, Thompson BS, Freund N, Andersen SL (2015) The developmental inter-relationships 
between activity, novelty preferences, and delay discounting in male and female rats. Dev 
Psychobiol. 
133 
 
Lynch WJ (2008) Acquisition and maintenance of cocaine self-administration in adolescent rats: 
effects of sex and gonadal hormones. Psychopharmacology (Berl) 197:237–246. 
Lynch WJ, Roth ME, Carroll ME (2002) Biological basis of sex differences in drug abuse: 
preclinical and clinical studies. Psychopharmacology (Berl) 164:121–137. 
Marin MT, Cruz FC, Planeta CS (2008) Cocaine-induced behavioral sensitization in adolescent 
rats endures until adulthood: lack of association with GluR1 and NR1 glutamate receptor 
subunits and tyrosine hydroxylase. Pharmacol Biochem Behav 91:109–114. 
Markham JA, Morris JR, Juraska JM (2007) Neuron number decreases in the rat ventral, but not 
dorsal, medial prefrontal cortex between adolescence and adulthood. Neuroscience 
144:961–968. 
Mathews IZ, McCormick CM (2007) Female and male rats in late adolescence differ from adults 
in amphetamine-induced locomotor activity, but not in conditioned place preference for 
amphetamine. Behav Pharmacol 18:641–650. 
McClure J, Podos J, Richardson HN (2014) Isolating the delay component of impulsive choice in 
adolescent rats. Front Integr … 8:1–9. 
Miller LS, Burns SA (1995) Gender differences in schizotypic features in a large sample of 
young adults. J Nerv Ment Dis 183:657–661. 
Moen EL, Fricano-Kugler CJ, Luikart BW, O’Malley AJ (2016) Analyzing clustered data: Why 
and how to account for multiple observations nested within a study participant? PLoS One 
11:1–17. 
Monterosso JR, Aron AR, Cordova X, Xu J, London ED (2005) Deficits in response inhibition 
associated with chronic methamphetamine abuse. Drug Alcohol Depend 79:273–277. 
134 
 
Morales M, Schatz KC, Anderson RI, Spear LP, Varlinskaya EI (2014) Conditioned taste 
aversion to ethanol in a social context: impact of age and sex. Behav Brain Res 261:323–
327. 
Muhammad A, Hossain S, Pellis SM, Kolb B (2011) Tactile stimulation during development 
attenuates amphetamine sensitization and structurally reorganizes prefrontal cortex and 
striatum in a sex-dependent manner. Behav Neurosci 125:161–174. 
Murphy ER, Dalley JW, Robbins TW (2005) Local glutamate receptor antagonism in the rat 
prefrontal cortex disrupts response inhibition in a visuospatial attentional task. 
Psychopharmacology (Berl) 179:99–107. 
Nelson A, Killcross S (2006) Amphetamine exposure enhances habit formation. J Neurosci 
26:3805–3812. 
Neufang S, Specht K, Hausmann M, Güntürkün O, Herpertz-Dahlmann B, Fink GR, Konrad K 
(2009) Sex differences and the impact of steroid hormones on the developing human brain. 
Cereb Cortex 19:464–473. 
Nikulina EM, Covington HE, Ganschow L, Hammer RP, Miczek KA (2004) Long-term 
behavioral and neuronal cross-sensitization to amphetamine induced by repeated brief social 
defeat stress: Fos in the ventral tegmental area and amygdala. Neuroscience 123:857–865. 
Nordquist RE, Voorn P, de Mooij-van Malsen JG, Joosten RNJM a, Pennartz CM a, 
Vanderschuren LJMJ (2007) Augmented reinforcer value and accelerated habit formation 
after repeated amphetamine treatment. Eur Neuropsychopharmacol 17:532–540. 
Ostlund SB, Balleine BW (2007) The contribution of orbitofrontal cortex to action selection. 
Ann N Y Acad Sci 1121:174–192. 
135 
 
Overman WH (2004) Sex differences in early childhood, adolescence, and adulthood on 
cognitive tasks that rely on orbital prefrontal cortex. Brain Cogn 55:134–147. 
Pattij T, Vanderschuren LJMJ (2008) The neuropharmacology of impulsive behaviour. Trends 
Pharmacol Sci 29:192–199. 
Paul K, Cox C (2012) Age-dependent Actions of Dopamine on Inhibitory Synaptic Transmission 
in Superficial Layers of Mouse Prefrontal Cortex. J Neurophysiol. 
Paus T, Keshavan M, Giedd JN (2008) Why do many psychiatric disorders emerge during 
adolescence? Nat Rev Neurosci 9:947–957. 
Peper JS, Hulshoff Pol HE, Crone EA, van Honk J (2011a) Sex steroids and brain structure in 
pubertal boys and girls: a mini-review of neuroimaging studies. Neuroscience 191:28–37. 
Peper JS, van den Heuvel MP, Mandl RCW, Hulshoff Pol HE, van Honk J (2011b) Sex steroids 
and connectivity in the human brain: a review of neuroimaging studies. 
Psychoneuroendocrinology 36:1101–1113. 
Perry JL, Carroll ME (2008) The role of impulsive behavior in drug abuse. Psychopharmacology 
(Berl) 200:1–26. 
Perry JL, Joseph JE, Jiang Y, Zimmerman RS, Kelly TH, Darna M, Huettl P, Dwoskin LP, 
Bardo MT (2011) Prefrontal cortex and drug abuse vulnerability: translation to prevention 
and treatment interventions. Brain Res Rev 65:124–149. 
Perry JL, Nelson SE, Anderson MM, Morgan AD, Carroll ME (2007) Impulsivity (delay 
discounting) for food and cocaine in male and female rats selectively bred for high and low 
saccharin intake. Pharmacol Biochem Behav 86:822–837. 
Perry JL, Nelson SE, Carroll ME (2008) Impulsive choice as a predictor of acquisition of IV 
136 
 
cocaine self- administration and reinstatement of cocaine-seeking behavior in male and 
female rats. Exp Clin Psychopharmacol 16:165–177. 
Perry RI, Krmpotich T, Thompson LL, Mikulich-Gilbertson SK, Banich MT, Tanabe J (2013) 
Sex modulates approach systems and impulsivity in substance dependence. Drug Alcohol 
Depend. 
Pickens CL, Saddoris MP, Setlow B, Gallagher M, Holland PC, Schoenbaum G (2003) Different 
roles for orbitofrontal cortex and basolateral amygdala in a reinforcer devaluation task. J 
Neurosci 23:11078–11084. 
Poulos C, Le A, Parker J (1995) Impulsivity predicts individual susceptibility to high levels of 
alcohol self-administration. Behav Pharmacol … 6:810–814. 
Raznahan A, Lee Y, Stidd R (2010) Longitudinally mapping the influence of sex and androgen 
signaling on the dynamics of human cortical maturation in adolescence. Proc Natl Acad Sci 
107:16988–16993. 
Raznahan A, Shaw PW, Lerch JP, Clasen LS, Greenstein D, Berman R, Pipitone J, Chakravarty 
MM, Giedd JN (2014) Longitudinal four-dimensional mapping of subcortical anatomy in 
human development. Proc Natl Acad Sci 111:1592–1597. 
Richards JM, Plate RC, Ernst M (2013) A systematic review of fMRI reward paradigms used in 
studies of adolescents vs. adults: the impact of task design and implications for 
understanding neurodevelopment. Neurosci Biobehav Rev 37:976–991. 
Robbins TW (2002) The 5-choice serial reaction time task: behavioural pharmacology and 
functional neurochemistry. Psychopharmacology (Berl) 163:362–380. 
Roberts BW, Caspi  a, Moffitt TE (2001) The kids are alright: growth and stability in personality 
137 
 
development from adolescence to adulthood. J Pers Soc Psychol 81:670–683. 
Rogers RD, Moeller FG, Swann AC, Clark L (2010) Recent research on impulsivity in 
individuals with drug use and mental health disorders: implications for alcoholism. Alcohol 
Clin Exp Res 34:1319–1333. 
Rubinow MJ, Hagerbaumer D a, Juraska JM (2009) The food-conditioned place preference task 
in adolescent, adult and aged rats of both sexes. Behav Brain Res 198:263–266. 
Santucci AC, Capodilupo S, Bernstein J, Gomez-Ramirez M, Milefsky R, Mitchell H (2004) 
Cocaine in adolescent rats produces residual memory impairments that are reversible with 
time. Neurotoxicol Teratol 26:651–661. 
Scheggi S, Mangiavacchi S, Masi F, Gambarana C, Tagliamonte A, De Montis MG (2002) 
Dizocilpine infusion has a different effect in the development of morphine and cocaine 
sensitization: behavioral and neurochemical aspects. Neuroscience 109:267–274. 
Schoenbaum G, Roesch M (2005) Orbitofrontal cortex, associative learning, and expectancies. 
Neuron 47:633–636. 
Schoenbaum G, Roesch MR, Stalnaker T a, Takahashi YK (2009) A new perspective on the role 
of the orbitofrontal cortex in adaptive behaviour. Nat Rev Neurosci 10:885–892. 
Scholl JL, Feng N, Watt MJ, Renner KJ, Forster GL (2009) Individual differences in 
amphetamine sensitization, behavior and central monoamines. Physiol Behav 96:493–504. 
Schramm-Sapyta NL, Francis R, MacDonald A, Keistler C, O’Neill L, Kuhn CM (2014) Effect 
of sex on ethanol consumption and conditioned taste aversion in adolescent and adult rats. 
Psychopharmacology (Berl) 231:1831–1839. 
Sherrill LK, Berthold C, Koss WA, Juraska JM, Gulley JM (2011) Sex differences in the effects 
138 
 
of ethanol pre-exposure during adolescence on ethanol-induced conditioned taste aversion 
in adult rats. Behav Brain Res 225:104–109. 
Sherrill LK, Stanis JJ, Gulley JM (2013) Age-dependent effects of repeated amphetamine 
exposure on working memory in rats. Behav Brain Res 242:84–94. 
Shulman EP, Harden KP, Chein JM, Steinberg L (2014) Sex Differences in the Developmental 
Trajectories of Impulse Control and Sensation-Seeking from Early Adolescence to Early 
Adulthood. J Youth Adolesc. 
Simon NW, Beas BS, Montgomery KS, Haberman RP, Bizon JL, Setlow B (2013) Prefrontal 
cortical-striatal dopamine receptor mRNA expression predicts distinct forms of impulsivity. 
Eur J Neurosci 37:1779–1788. 
Somerville LH, Casey BJ (2010) Developmental neurobiology of cognitive control and 
motivational systems. Curr Opin Neurobiol 20:236–241. 
Somerville LH, Jones RM, Casey BJ (2010) A time of change: behavioral and neural correlates 
of adolescent sensitivity to appetitive and aversive environmental cues. Brain Cogn 72:124–
133. 
Spear LP (2000) The adolescent brain and age-related behavioral manifestations. Neurosci 
Biobehav Rev 24:417–463. 
Stalnaker TA, Cooch NK, Schoenbaum G (2015) What the orbitofrontal cortex does not do. Nat 
Neurosci 18:620–627. 
Stefani MR, Moghaddam B (2005) Systemic and prefrontal cortical NMDA receptor blockade 
differentially affect discrimination learning and set-shift ability in rats. Behav Neurosci 
119:420–428. 
139 
 
Steinberg L (2010) A dual systems model of adolescent risk-taking. Dev Psychobiol 52:216–224. 
Steinberg L, Albert D, Cauffman E, Banich M, Graham S, Woolard J (2008) Age differences in 
sensation seeking and impulsivity as indexed by behavior and self-report: evidence for a 
dual systems model. Dev Psychol 44:1764. 
Sturman DA, Mandell DR, Moghaddam B (2010) Adolescents exhibit behavioral differences 
from adults during instrumental learning and extinction. Behav Neurosci 124:16–25. 
Sutcliffe JS (2011) Female rats are smarter than males: influence of test, oestrogen receptor 
subtypes and glutamate. In: Biological Basis of Sex Differences in Psychopharmacology 
(Neill JC, Kulkarni J, eds), pp 37–56. Berlin: Springer-Verlag Berlin Heidelberg. 
Trent S, Davies W (2012) The influence of sex-linked genetic mechanisms on attention and 
impulsivity. Biol Psychol 89:1–13. 
Van Leijenhorst L, Moor BG, Op de Macks ZA, Rombouts S a RB, Westenberg PM, Crone E a 
(2010a) Adolescent risky decision-making: neurocognitive development of reward and 
control regions. Neuroimage 51:345–355. 
Van Leijenhorst L, Westenberg PM, Crone EA (2008) A developmental study of risky decisions 
on the cake gambling task: age and gender analyses of probability estimation and reward 
evaluation. Dev Neuropsychol 33:179–196. 
Van Leijenhorst L, Zanolie K, Van Meel CS, Westenberg PM, Rombouts SA, Crone EA (2010b) 
What motivates the adolescent? Brain regions mediating reward sensitivity across 
adolescence. Cereb Cortex 20:61–69. 
Varlinskaya EI, Truxell EM, Spear LP (2015) Ethanol Intake Under Social Circumstances or 
Alone in Sprague – Dawley Rats: Impact of Age, Sex, Social Activity, and Social Anxiety-
140 
 
Like Behavior. Alcohol Clin Exp Res 39:117–125. 
Vetter-O’Hagen CS, Spear LP (2011) The effects of gonadectomy on age- and sex-typical 
patterns of ethanol consumption in Sprague-Dawley rats. Alcohol Clin Exp Res 35:2039–
2049. 
Volkow ND, Fowler JS, Wang GJ, Baler R, Telang F (2009) Imaging dopamine’s role in drug 
abuse and addiction. Neuropharmacology 56:3–8. 
Volkow ND, Wang G-J, Begleiter H, Porjesz B, Fowler JS, Telang F, Wong C, Ma Y, Logan J, 
Goldstein RZ, Alexoff D, Thanos PK (2006) High Levels of Dopamine D2 Receptors in 
Unaffected Members of Alcoholic Families. Arch Gen Psychiatry 63:999–1008. 
Wagner F a, Anthony JC (2007) Male-female differences in the risk of progression from first use 
to dependence upon cannabis, cocaine, and alcohol. Drug Alcohol Depend 86:191–198. 
Watson DJ, Stanton ME (2009) Medial prefrontal administration of MK-801 impairs T-maze 
discrimination reversal learning in weanling rats. Behav Brain Res 205:57–66. 
Willing J, Juraska JM (2015) The Timing of Neuronal Loss Across Adolescence in the Medial 
Prefrontal Cortex of Male and Female Rats. Neuroscience 301:268–275. 
Winstanley C a, Dalley JW, Theobald DEH, Robbins TW (2004) Fractionating impulsivity: 
contrasting effects of central 5-HT depletion on different measures of impulsive behavior. 
Neuropsychopharmacology 29:1331–1343. 
Zakharova E, Wade D, Izenwasser S (2009) Sensitivity to cocaine conditioned reward depends 
on sex and age. Pharmacol Biochem Behav 92:131–134. 
Zapata A, Minney VL, Shippenberg TS (2010) Shift from goal-directed to habitual cocaine 
seeking after prolonged experience in rats. J Neurosci 30:15457–15463.  
